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PREFACF 



The series of symposia on analytical ultracentrifugation taking place every 2 
years at universities or other institutions in Germany has developed from a 
German users group meeting to an international conference. The more than 
20-years tradition of this meeting was continued on March 25-26, 1999 with 
the 11th symposium organized by the Max Planck Institute of Colloids and 
Interfaces at the University of Potsdam. 

More than 80 participants from leading groups in 12 countries around 
the world as well as a large number of new users of analytical 
ultracentrifugation came together for lively discussions, exchange of ideas 
and to establish new contacts. In 33 oral presentations and more than 30 
posters, a survey of recent developments and results was given, reflecting the 
wide potential of analytical ultracentrifugation for biophysics/biochemistry, 
polymer and colloid chemistry as well as hydrodynamics, featuring 

- Technical and methodological innovations 

- Innovations in data analysis 

- Hydrodynamics/Modeiing 

- Synthetic polymers, colloids and supramolecular systems 

- Biological systems 

- Interacting systems and assemblies 

as well as comparisons of the results of analytical ultracentrifugation with 
related techniques. 

Since the introduction of the new XL-A/I ultracentrifuge generation in 
1991 by Beckman Instruments, analytical ultracentrifugation has seen a 
considerable renaissance about 70 years after the introduction of this 
technique by Svedberg. Due to the easy data capture, analysis and 
instrument handling, the popularity of analytical ultracentrifugation is 
increasing again, reflected in the great interest shown and in the number of 
new users attending this meeting. Catalysed by the common availibility of 
cheap and powerful computer resources many innovations in data analysis 
were presented as well as new measuring methods and technical develop- 
ments. A large number of the contributions concerned the classical 
application field of biological systems with a focus on complicated or 
interacting systems. Also, several contributions were related to the 
combination of results from analytical ultracentrifugation with those from 
other techniques, for example, to characterize solution structures of 
macromolecules. It is remarkable that the number of contributions other 
than from the classical fields of biophysics and hydrodynamics has 
increased, indicating that analytical ultracentrifugation might find broader 
application in polymer and colloid chemistry than has been the case in the 
last few decades. 

Thirty-three contributions were selected for publication in this special 
volume of Progress in Colloid and Polymer Science. It is hoped that this 
comprehensive collection of the most recent developments in the field of 
analytical ultracentrifugation will be helpful for all scientists who use this 
fascinating and powerful analytical technique. 

The 1 1th Symposium on Analytical Ultracentrifugation was generously 
sponsored by BASF AG (Ludwigshafen), Bayer AG (Leverkusen), Beck- 
man-Coulter GmbH (Munich), the Deutsche Forschungsgemeinschaft 
(DFG), the Max Planck Society, Roche Diagnostics GmbH (Penzberg) 
and Schering AG (Berlin). Warm thanks for help during the symposium and 
its preparation go to Annette Pape, Antje Volkel and Bettina Zilske. 



May 1999, Helmut Colfen 
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Abstract Because the Beckman 
Company was unable to deliver any 
further drives for our Model E 
analytical ultracentrifuge (AUC), we 
were forced to install a modified 
Model E Schlieren optics in a Beck- 
man Optima XL in order to trans- 
form it from a preparative 
ultracentrifuge into an analytical 
one. We need to have Schlieren 
optics available, because Schlieren 
optics are more universal as inter- 
ference optics (especially for com- 
plex samples). It is only possible to 
resolve very steep refractive index 
gradients in the AUC cell and to see 
the different colours of samples of 
mixed coloured with white-light 
Schlieren optics. The configuration 
of the Schlieren optics is described in 
detail in the first part of this paper. 
We used an analytical 8 -cell XLI-Ti 
rotor, a flash lamp as the light source 
(which can be moved by remote 
control on a sliding carriage) and a 
70 mm reflex film camera instead of 
the Model E photographic plate. To 
trigger the flash lamp, we installed 
a photoelectric cell under the rotor 
and a small line mirror at the base of 
the rotor. An electrical circuit 
(completely independent of the 
Beckman XL circuits) controlled by 



a 10 MHz clock allows us to flash 
any of the eight cells independently 
and to superimpose any combina- 
tions of cells. The modification of 
the XL itself was only a minor one. 
We merely drilled holes for the 
optical path into the heat sink and 
installed the condensing lens in the 
rotor chamber. The light source, 
collimating lens, phase plate, camera 
lens, cylindrical lens and photo- 
graphic camera are situated outside 
the chamber. This modified XL is 
complefely equivalenf to the old 
Model E with Schlieren optics, a 
flash lamp and an 8 -cell multiplexer. 
Some practical examples of mea- 
surements made with this system are 
described in the second part of this 
paper. These include steep density 
gradients in a chemically heteroge- 
neous 1 1 -latex mixture, a rapid steep 
dynamical H 2 O/D 2 O density gradi- 
ent run, synthetic boundary runs of 
complex coloured core/shell nano- 
particles and flash superimposition 
of different cells during a sedimen- 
tation run. 

Key words Analytical ultracentri- 
fuge • Schlieren optics • Polymer 
characterization • Colloidal 
nanoparticles 



Introduction izing colloidal particle systems. Because the AUC allows 

high-resolution fractionation of macromolecules and 
The analytical ultracentrifuge (AUC) is a versatile nanoparticles in terms of both size and density (i.e., 
instrument for characterizing macromolecules and poly- chemical composition), it is possible to measure distri- 

electrolytes, and it is especially effective for character- buttons of molar mass, particle size and chemical 
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heterogeneity. There has been a tendency to use the 
AUC more in recent years because of the launch of the 
new modern Beckman Optima XLI AUC on the market 
[1]. 

In our industrial research laboratory, we test over 
3000 samples every year. We use three of the famous 
old Beckman Model E AUCs, which we have modern- 
ized [2-5], two new Beckman Optima XLI [6] and two 
8-cell AUC particle sizers [7-9], which we have 
developed ourselves. This means that four different 
AUC detectors are available for measuring the concen- 
tration of our fractionated samples in the AUC 
measuring cell; a Schlieren optics detector, an interfer- 
ence optics detector, an 180-800 nm UV scanner and a 
light scattering/turbidity detector. We have to use the 
Schlieren optics detector for taking the first “finger- 
print” of complex samples that are simultaneously 
composed of oligomers, macromolecules and (mostly 
turbid) nanoparticles. This detector is fitted to the 
Model E, but it is not fitted to the Optima XLI (I 
stands for interference optics). It therefore came as a 
shock to us when the Beckman-Coulter Company (Palo 
Alto, Calif, USA) wrote to us in September 1998 to 
inform us that they were unable to deliver drives for 
our three Model Es, and they were unwilling to supply 
Schlieren optics detectors for their own Optima XLI 
AUC. This meant that we would have had to give up 
our Model Es within the next 6-12 months when the 
present drives wear out, and after that we would have 
no Schlieren optics in our laboratory. Schlieren optics 
are essential for us, because they have the following 
advantages over interference optics: 

1. Schlieren optics are more universal than interference 
optics, especially for complex composed samples. 

2. It is only possible to resolve steep refractive index 
gradients within an AUC cell with Schlieren optics 
(e.g. in steep density gradients, at very high concen- 
trations, if a Johnston-Ogston effect is present, 
especially in polyelectrolytes). 

3. It is only possible to see different colours in samples 
of mixed colour with white-light Schlieren optics. 

4. Schlieren optics are needed in order to superimpose 
pictures of different cells taken with flash light. 

5. It is only possible to work with the simplest AUC cell, 
that is the single-sector cell, with Schlieren optics. 
This cell is cheap, easy to disassemble, to clean and to 
tighten up, even at maximum rotor speed. 

Eigure 1 shows the main features of the modern 
Schlieren optics fitted to our Model E [2-A], and which 
we wanted to install in our Optima XLI AUC: 
a triggerable light source (laser or flash lamp), a 
triggering device, a Schlieren slit (a real one or a virtual 
one, formed by two cylindrical lenses), a collimating 
lens in front of and a condensing lens behind the 
measuring cell, an eight-cell rotor, a phase plate, a 




Fig. 1 Optical set-up in our modified Model E AUC [4]: 1 lamp, 
2 rotor, 3 photodiode, 4 triggering device, 5 flash lamp or triggerable 
laser, 6 deflecting mirror, 7 Schlieren slit (real for flash lamp or virtual 
for laser, formed by two cylindrical lenses), 8 collimating lens for flash 
lamp or flat window for laser, 9 condensing lens, 10 phase plate, 
11 camera lens, 12 cylindrical lens, 13 photo plate camera, 14 digital 
video camera, 15 live TV monitor, 16 image processing PC, 17 PC 
monitor with processed digitalized Schlieren curve 

camera lens, a cylindrical lens and a photographic plate 
at the end of the optical light path. We can use a 
digital TV camera in conjunction with an optical image 
processing system instead of the photographic plate to 
analyze Schlieren images, but this is not essential 
because very complex samples yield complex Schlieren 
pictures which cannot be analyzed simply and auto- 
matically. It is important to have a real photograph in 
cases such as these. 

As Beckman were unable or unwilling to supply the 
Schlieren optics for their own Optima XLI, we decided 
to develop them ourselves in the BASF mechanical and 
electronic workshops. We embarked on a crash course 
which only took four months, and we achieved our aims 
simply and cheaply. In order to save time, we decided 
not to design a completely new compact Schlieren optics 
for the Optima XLI. Instead, we removed the Schlieren 
optics from an approved original Model E (with only 
minor modifications) and installed them in an Optima 
XL, which is the basic, preparative UC version of the 
Optima XLI with no interference optics detector. In 
addition to the XL, we also purchased an analytical XLI 
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eight-cell rotor (Beckman Type AN-50 Ti), which both 
together cost $70 000. 

The physical set-up of this new Optima XL-SO with 
an eight-cell Schlieren optics (SO) multiplexer is de- 
scribed below, and the performance of this new XL-SO 
device is demonstrated subsequently with the aid of 
several different practical examples. 



Physical and optical set-up of the XL-SO 

Figure 2 shows a cross-section of our XL-SO device and 
the optical light path. The drawing is true to scale. The 
numerical values of the focal lengths of the different 
lenses, the distances of the different optical elements, 
optical lever arm, calibration constants, etc., have been 
omitted, because they are exactly the same as in the 
original Model E Schlieren optics [10]. The arrangement 
of the optical elements within the optical path in Fig. 2 
is virtually the same as in Fig. 1, with, from left to right: 
(white light) flash lamp with Schlieren slit and green light 
filter (546 mm) in front of it, collimating lens, 90° glass 
prism, vacuum-sealed window in the heat sink at the 
bottom of the vacuum chamber, measuring cell within 
the rotor, condensing lens, vacuum-sealed window in the 
top cover of the vacuum chamber, phase plate, camera 
lens, cylindrical lens, 90° mirror and reflex camera with 
viewer at the end. 




Fig. 2 Physical set-up and optical light path in the XL-SO AUC: 1 
flash lamp, 2 Schlieren slit, 3 collimating lens, 4 90° glass prism, 5 XL 
drive, 6 heat sink, 7 vacuum-sealed window, 8 eight-cell rotor, 9 
condensing lens, 10 vacuum chamber, 11 phase plate, 12 camera lens, 
13 cylindrical lens, 14 deflecting mirror, 15 70-mm film reflex camera 
with no objective 



Our modifications to the original Optima XF centri- 
fuge shown in Fig. 2 were minimal: 

(1) We installed an aluminum profile rack for the 
optical tower above it. 

(2) We added a triangular support for the light source 
outside on the left. 

(3) We drilled a horizontal hole into the heat sink and 
inserted a tube carrying the condensing lens and the 
90-degree glass prism. 

(4) We drilled two vertical holes into the heat sink and 
the vacuum chamber cover in order to insert two 
vacuum-sealed flat-glass windows. 

(5) We installed a small support tower for the condens- 
ing lens inside the vacuum chamber. 

After this general view of our set-up we go into more 
details. Thus our Schlieren light source, a triggerable 
flash lamp, is mounted on an adjustable x-j-z-stage, 
shown in Fig. 2 (on the left side, items 1 and 2). The light 
source is the same as described in [2]: a Cathodeon C 
82007 straight line configuration xenon flash lamp 
supplied by LOT/Oriel (Darmstadt, Germany) (rise time 
5 pulse width 5-50 /is, flash sequence 0-100 Hz, flash 
energy 1 J, ca. 300 flashes per photo). 

We use a Cathodeon-designed power supply type C 
512 to run this flash lamp. A small electrical motor is 
fitted on top of the x-j-z-stage. This is used to 
continuously move the flash light vertically in the z- 
direction. This often has to be done to detect very steep 
density gradients ( = refractive index gradients) inside 
the AUC cell. 

The ends of two adjustable tubes jutting out of the 
centrifuge housing can be seen on the right of the lamp 
housing in Fig. 2. Their other ends fit into the horizontal 
50-mm hole drilled into the heat sink. The 90° glass 
prism is attached to the end of the tube with the larger 
diameter, and the condensing lens is fitted to the end of 
the inner tube with the smaller diameter. 

Figure 3 shows our modifications to the heat sink at 
the bottom of the vacuum chamber. We drilled three 
holes in it: a large, horizontal 50-mm hole for the tubes 
with collimating lens and 90° glass prism, a second, 
vertical 25-mm hole for a vacuum-sealed flat glass 
window and third a small, vertical threaded 12-mm hole 
for a vacuum-sealed electrical connector between a 
photoelectric cell inside the vacuum chamber and our 
electronic triggering device outside. 

Figure 4A shows the open vacuum chamber assem- 
bled without the rotor (i.e. the white safety vessel above 
the heat sink has been fitted and fixed with nine screws). 
The vacuum-sealed bottom window and the support 
tower for the condensing lens, with a slit diaphragm 
above the lens, are situated left of the central rotor drive 
shaft. This lens is mounted on a black lever, which 
hinges backwards and forwards through 90° in order to 
allow the rotor to be inserted. The base of this support 
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Fig. 3 Photograph of the modified XL heat sink with three additional 
holes (50, 25 and 12 mm) which we drilled 

tower is fixed with four screws at the bottom, using four 
of the original threaded holes in the heat sink. 

A tiny but very important modification of the original 
Optima XL is the small black spot near the drive shaft 
that can be seen in Fig. 4A. We mounted a photoelectric 
cell onto this drive shaft with a simple plastic ribbon. 
Some of the electrical wiring which connects the 
photoelectric cell with the vacuum-sealed connector 
can be seen on the left underneath the white safety 
vessel. The photoelectric cell, a “photoreflector (LED- 
PTr) P 5589”, was supplied by Hamamatsu Photonics 
Deutschland, Herrsching. It consists of a permanently 
emitting LED (1 = 900 nm) and a fast photo diode (rise 
and fall time 20 fis) to detect the reflected light. 

Figure 4B shows a small polished line mirror that we 
fitted to the base of our rotor (in the 10 o’clock position 
near the rotor centre). The LED light reflected by this 
line mirror yields one sharp pulse per rotor revolution. 
This pulse is fed into our electronic device incorporating 
a 10 MHz clock to create the electrical signals that are 
required to trigger our flash lamp (the principle is 
described in [3, 4]). Eor safety reasons it is very 
important that the triggering of the flash lamp is 
completely independent of the Beckman Optima XE 
electronics. The upper vacuum-sealed flat glass window 



Fig. 4 A Photograph of the open XL-SO vacuum chamber with drive 
shaft, adjacent photoelectric cell, vacuum-sealed window, support 
tower with hinged 90° lever, bearing the condensing lens with a slit 
diaphragm above it. B Photograph of the analytical 8-cell rotor with a 
polished line mirror at its base, situated on top of the vacuum 
chamber cover plate with a vacuum-sealed window. C Photograph of 
the open vacuum chamber with the rotor introduced and the lever, 
bearing the condensing lens with a slit diaphragm above it, in 
measuring position 

which we introduced in the cover plate of the vacuum 
chamber can also be seen in Fig. 4B, to the left of the 
rotor. The lower end of the optical tower, a square- 
profile 100-mm aluminum tube, is visible above the 
window. 

Figure 4C shows the rotor installed in the vacuum 
chamber. The lever bearing the condensing lens with the 
slit diaphragm above it is shown in the measuring 
position (it is shown in the retracted position in 
Fig. 4A). Again, the lower end of the square-profile 
optical tower is visible above the condensing lens. 

Figure 2 shows inside the vertical portion of the 
optical tower above the vacuum chamber, the positions 
of the phase plate, the camera lens, the cylindrical lens 
and the 90° mirror. These four optical elements are all 
on adjustable stages and they are all original compo- 
nents of the Model E Schlieren optics. We fitted an 
electrically driven goniometer to the original phase plate 
to change the Philpot angle precisely. It can also be seen 
from Eig. 2 that, besides the 90° mirror, the horizontal 
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part of the optical tower only contains a motor-driven 
70-mm film Mamiya 640 reflex camera with no objective. 
We mounted the old viewer of our Model E above the 
mirror inside the reflex camera. This made it possible for 
us to take 70-mm film Schlieren photographs and to see 
the Schlieren pictures live during an AUC run. 



Examples of measurements made with the XL-SO 

The following examples demonstrate the high Schlieren 
optical quality, the versatility and the runnability of our 
new XL-SO device, especially as an eight-cell multi- 
plexer. 

We took a very complex colloidal sample for the first 
examples. The characterization of samples of this type is 
a speciality of the AUC (see [1 1]), and virtually no other 
method can compete. We prepared this colloidal sample 
by mixing 1 1 ethylhexyl acrylate-methyl acrylate (EHA/ 
MA) copolymer latices which had all been polymerized 
separately by standard emulsion polymerization. The 
percentage w/w of each latex in the sample was the same. 
All 1 1 components had nearly the same particle diameter 
of 200 nm, but the particle densities p were different 
because the compositions of the 1 1 different copolymers 
were different [p(MA) = 0/10/20/30/40/50/60/70/80/90/ 
100% w/w]. These particle densities (calculated theoret- 
ically from the homopolymer densities and verified via 
Paar density balance measurements) were p = 0.980 (P- 
EHA)/1.000/1.021/1. 043/1. 066/1. 089/1. 114/1. 140/1. 167/ 
1.196/1.225 (P-MA) g/cml 

This complex mixture of 11 latices was added to an 
88 H 2 O/I 2 metrizamide (% w/w) density gradient (DG) 
mixture, total latex concentration c = 1 g/1. The DG 
mixture was measured separately in our old Model E 



and our new XL-SO under the same conditions: 3-mm 
single sector cell, -2° wedge window, 30000 rpm, 
equilibrium running time 27 h. Eigure 5 shows the 
results in the form of two Schlieren photographs taken 
separately on 70-mm film in the two different AUCs with 
the same exposure time of 3 s, using a 100 ASA black 
and white 70-mm Ilford film. 

These two Schlieren photographs were identical, 
which led us to conclude that our new Optima XL-SO 
and our old Model E are completely equivalent. The 
quality of the Schlieren optics are the same. It can be 
seen from the two DG Schlieren photographs in Eig. 5 
that the same six latex components nos. 3, 4, 5, 6, 7 and 
8 (out of the total 11 components) are present at the 
same rotor radius positions inside the AUC measuring 
cells in the form of small turbidity bands. 

Both of the Schlieren photographs in Eig. 5 are 
superimpositions of the single-sector cell in the middle 
and the counterbalance radius reference cell outside (the 
two radius reference holes appear on the left and on the 
right). The superimposition is done automatically by 
alternately flashing the measuring cell and the reference 
cell (see [2-4]). 

Eigure 6 shows a second, very important example of 
measurements taken with our new XL-SO, a simulta- 
neous eight-cell run. The Schlieren photo of cell no. 1, 
the counter balance radius reference cell, is shown in 
Fig. 6 at the top. The Schlieren photographs of seven 
single-sector cells (electronically linear stretched or 
compressed in the horizontal rotor radius direction to 
fit roughly to the exponential p-density axis of the 
photographs at the bottom of Fig. 6) are shown below. 
Each of the single-sector measuring cells again contained 
our 11 -latex mixture, but this time in seven different 
(methanol/H20)/metrizamide DG mixtures, expressed 



Fig. 5 Schlieren optics com- 
parison of Model E and Optima 
XL-SO. Two 70-mm film 
Schlieren photographs of the 
same 88 H 2 O/I 2 metrizamide 
density gradients of an 11 -latex 
mixture, showing only the latex 
components number 3, 4, 5, 6, 7 
and 8 as narrow turbidity 
bands. The Schlieren photo- 
graphs are identical 
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Fig. 6 Eight Schlieren photographs of eight different cells measured 
simultaneously in one XL-SO run: one counterbalance radius 
reference cell and seven measuring cells. The same 11-latex mixture 
is measured in seven different (methanol/H20)/metrizamide density 
gradients. In the different gradients, different latex components out of 
the total 1 1 components are visible as narrow turbidity bands. In cells 
6, 7 and 8, with the steepest density gradients with 17, 20 and 25 wt% 
metrizamide, an optical blackout is seen near the cell bottom (on the 
right) 



in % w/w. The percentage of the heavy sugar metriz- 
amide (without the light methanol) progressively in- 
creased from cell no. 4 to cell no. 8, and p(MA) = 5/12/ 
17/20/25% w/w. This meant that the DGs (and thus the 
refractive index gradients inside the cells) became steeper 
and steeper. 

As can be seen from Fig. 6, all the different compo- 
nents in the mixture of 1 1 latices had different densities, 
as was expected. We can see the four narrow turbidity 
bands of the latex components nos. 1, 2, 3 and 4 with the 
lowest particle densities in cell 2, and components nos. 6, 
7, 8 and 9 with the high densities in cell 8. Surprisingly, 
we cannot see the two latex components nos. 10 and 11 
with the highest particle densities in cell 8, because there 
is an optical blackout near the bottom of the cell (on 
the right), which makes components nos. 10 and 11 



invisible. There is also a minor optical blackout in cell 7 
and cell 6, with the next steepest DGs. 

The situation in respect of the steepest, 25% w/w 
MA, DG is shown in closer detail at the bottom 
photograph of Fig. 7. The optical blackout near the cell 
bottom can be seen more clearly (this DG is steeper than 
in Fig. 6 because of the longer running time of 118 h, 
and latex component no. 5 also migrated into the DG). 
The reason for this optical blackout is that the refractive 
index continuously increases radially inside the cell, and 
the cell acts as a deflecting light prism for the parallel 
light beams reaching it. The deflection of the beams is 
so strong near the cell bottom that the cell causes them 
to hit the walls of the optical tower tube instead of the 
photographic plate. 

It can be seen from Fig. 7 at the top that we run the 
same DG in our Optima XLI as in our XL-SO (at the 



XU - 75 H 2 O /25 MA - DG of 11 - Latex - Mixture 




optical 
black out 



Fig. 7 Comparison of a XLI interference optics TV “photograph” 
{above) and a XL-SO Schlieren photograph {below) of the same 75 
H 2 O /25 metrizamide density gradient of an 1 1 -latex mixture, showing 
only the latex components numbers 5, 6, 7, 8 and 9. The components 
numbered 10 and 1 1 are not visible in both photographs, because they 
are lying in the optical blackout area near the cell bottom 
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bottom) under the same conditions, but with a 3-mm 
double-sector cell instead a 3-mm single-sector cell. The 
result obtained with the XLI is naturally the same. An 
optical blackout can be seen near the cell bottom on the 
“photograph” of the interference fringes taken with the 
XLI-TV camera. It can be seen even more clearly in the 
Fourier transformation analysis of this TV photograph 
shown in the diagram in the middle of Fig. 7, in which 
the fringe number is plotted against the rotor radius. The 
steepest interference fringes near the cell bottom cannot 
be resolved. Instead, a horizontal line appears in this 
area, forming an incorrect “plateau”. We are therefore 
unable to see the latex components nos. 10 and 1 1 in our 
XLI within this cell bottom area, nor with our XL-SO. 
We have to accept this in our XLI, but not in our XL-SO. 

From Fig. 8, it can be seen that our XL-SO offers 
a very simple solution to the problem. If we move our 
flash lamp vertically with the small electrical motor from 
the standard position (lower part in Fig. 8) to a deeper 
position (upper part in Fig. 8), the optical blackout near 
the cell bottom disappears and is shifted to the meniscus 
area within the AUC cell. The bottom area is now clear, 
and we can now detect latex components nos. 10 and 1 1 as 
narrow turbidity bands with the highest particle densities. 

Figure 9 illustrates another example of a measure- 
ment made with our XL-SO which is difficult to do with 
an XLI. It is a rapid special synthetic boundary run. We 
use a 12-mm 2° single-sector synthetic boundary cell 
(0.50 ml capacity) with a centrifugal force valve inside 
and a small 0.10-ml storage vessel for the supernatant 
liquid inside the cell. We call this a rapid dynamic H 2 O/ 
D 2 O density gradient run. It was introduced by Lange 



[12] and later modified by us [13]. The sample to be 
measured was the same 11 -latex mixture, but this time 
dispersed, c = 3 g/1, in the heavy D 2 O with a density of 
P(D20) = 1.10 g/cm^. The upper Schlieren photo in 
Fig. 9 shows that, at the beginning of the run, the cell is 
half filled with the ll-latex/D20 dispersion. At a rotor 
speed of 10 000 rpm, the valve opens and pure light FI 2 O 
from the storage vessel with p(H 20 ) = 1.00 g/cm^ is 
superimposed on the heavy D 2 O. A rapid, steep, 
dynamic density gradient is created in the vicinity of 
the turbid H 2 O/D 2 O interface after a running time of 
only 6 min. It is visible as a negative Gaussian Schlieren 
line in the lower Schlieren photographs in Fig. 9. The 
integral of this line yields the radial p-density axis under 
the lowest Schlieren photograph. In the 6 min photo- 
graph, the first seven latex components out of our total 
of 1 1 components had been separated, i.e. fractionated, 
as narrow turbidity bands. In the 10 min photo, we can 
only see the five components nos. 2, 3, 4, 5 and 6. 

All of the Schlieren photographs referred to up to 
now were taken with monochromatic light, with a green 
interference filter (2 = 546 nm) in front of the white 
light flash lamp, using a black and white film. The next 
example employing the XL-SO in Fig. 10 was performed 
without this green filter, i.e. with white light and a colour 
film. We use this method in order to be able to see 
colours in coloured samples, which is sometimes very 
valuable from the analytical point of view. 

Figure 10 shows a standard synthetic boundary 
sedimentation run of a coloured sample. The sample 
consisted of complex nanoparticles (food dye) with a 
diameter of about 100 nm and a core/shell structure. 



Fig. 8 Two XL-SO Schlieren 
photographs of the same den- 
sity gradient as in Fig. 7. The 
photograph below, with the 
flash lamp in the normal posi- 
tion, is the same as in Fig. 7, 
with an optical blackout near 
the cell bottom. The photo- 
graph above is done with the 
flash light in a position deeper 
in the z-direction. Now the 
optical blackout is shifted to the 
meniscus area of the cell and 
latex components numbers 10 
and 1 1 are visible as narrow 
turbidity bands 
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Fig. 9 Four XL-SO Schlieren photographs taken during a special 
synthetic boundary run, a dynamical FI 2 O/D 2 O density gradient run, 
where during the run upon a dispersion of the 1 1 -latex mixture in heavy 
D 2 O light H 2 O is layered. Within this rapid, steep density gradient the 
11 -latex mixture is fractionated into the different components. 
Numbers 2, 3, 4, 5 and 6 are visible in the lowest photograph 

composed of a /^-carotene core and a shell of gelatine 
and lactose. When we redispersed this powder in water, 
c = 5 g/1, and did a synthetic boundary sedimentation 
run, the turbid ;S-carotene core particles completely 
sedimented in the first 5 min and were visible on the cell 
bottom as a black turbidity band. We were then able to 
see into the supernatant aqueous serum, which was clear 
but coloured yellow/red. Firstly, we can see the Schlieren 
peak of monomolecular dissolved gelatine and lactose 
molecules of the particle shell. Secondly, we can see a 
very slowly sedimenting yellow/red shadow to the right 
of the peak. This shadow stems most likely from 
associates between gelatine or lactose with single /f- 
carotene molecules, which are dissolved out of the core. 

The final example, shown in Fig. 11, demonstrates 
the possibility of flash light superimposition in our XL- 
SO device. Three conventional black and white Schlieren 



5 g/l, 40 000 rpm, white light 





1 min 

(before, 5000 rpm) 



5 min 

(after, 27 000 rpm) 



15 min 
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Fig. 10 Four white-light XL-SO Schlieren photographs taken with a 
colour film during a synthetic boundary run of a coloured sample of 
core/shell nanoparticles with a j3-carotene core and a gelatine/lactose 
shell. The yellow/red coloured shadow right of the gelatine/lactose 
Schlieren peak stems from associations between gelatine/lactose and 
dissolved /1-carotene molecules 



photographs with monochromatic light, i.e. with the 
green filter in the optical path, are shown on the left. 
These three photographs of three different single cells 
were taken after a running time 240 min during a 
sedimentation run of almost monodisperse polystyrene 
macromolecules (molar mass M = 233 000 g/mol), dis- 
solved in toluene with c = 3, 4 and 5 g/l. A photograph 
of these three cells at nearly the same running time 
created by superimposing different flashes onto the same 
70-mm film is shown on the right. This type of 
superimposition is very valuable in some differential 
analytical techniques. 



Conclusion 

This paper describes how we were able to install an 8-cell 
Schlieren optics multiplexer into an Optima XL, the 
basic preparative version of the Optima XLI-AUC. We 
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superimposed 




s-Run , PS 233 000 , Tc^uene . 
40 000 rpm , 240 min 



Fig. 11 XL-SO Schlieren photographs of three single cells and a 
superimposition of them by light flashes taken at nearly the same 
running time, 240 min, during a sedimentation run 



were able to find a quick, simple and inexpensive 
solution to our problem. Our new XL-SO device is 
equivalent to the famous old Model E, so we can stop 
using our three Model Es, now that the manufacturer is 
unable to deliver any further drives. It would not be very 
complicated to install Schlieren optics in every Optima 
XEI by the same method. We eventually plan to do this, 
but the next step is to install a digital TV camera with 
optical image processing in our XE-SO as in [4], 
Automatic image processing works only for simple 
dissolved samples with a defined, uninterrupted Schlie- 



ren line across the complete photograph. Until the 
arrival of more highly sophisticated and powerful new 
image processing programs, we need to have some 
means of taking simple Schlieren photographs of 
complex colloidal samples in order to evaluate them 
“by hand”. 

The same is true of the Beckman XEI image 
processing program. The whole XEI interference optics 
needs to be substantially improved, because there are a 
lot of problems with baseline noise, jitter and the correct 
triggering of the XEI laser diode when the rotor speed 
rate is adjusted suddenly and when the rotor speed 
approaches the maximum. New possibilities are offered 
by the incorporation of an additional optical light path 
into the Optima XE/XEIs and, especially, by the 
introduction of a trigger unit, based on a simple 
photoelectric cell and a polished line mirror at the base 
of the rotor, that operates independently of the Beck- 
man electronics (important for safety reasons). It would 
easily be possible to install new detectors in the AUC, 
such as a fluorescence detector [14], a better UV scanner 
than the one that is currently fitted to the Optima XEA, 
and a better interference optics detector. If we were 
simply to replace our XE-SO flash light source with a 
laser with beam-broadening optics and to use double- 
sector cells, our Schlieren optics would be transformed 
into interference optics - the optics fitted to the old 
Model E! 

Acknowledgements The author would like to thank M. Stadler for 
his great contributions for the quick realization of the mechanical 
XL-SO set-up, A. Lehmann and P. Miinsterer for building the 
electronic triggering unit and Dr. P. Rossmanith and M. Kaiser for 
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Abstract A general problem when 
using a Schlieren optical system in 
an Analytical Ultracentrifuge is the 
modulation of the beam of parallel 
light, which passes the sector-shaped 
cell during a measurement. In this 
paper, two new facilities to modulate 
the laser beam are described. In the 
first set-up presented, a laser diode is 
used as the source of light. This 
diode can be modulated with a 
multiplexer up to at least 50 000 rpm 
in a simple way. The second set-up is 
realized with a Model E by the use of 
a fast shutter camera. The TTL 



signal, which is generated by the 
multiplexer in dependence on the cell 
position, controls the shutter of this 
camera. By means of both new set- 
ups the light intensity, which is 
available for the measurements, is 
raised and the calibration procedure 
is easier in comparison to the 
equipment developed earlier. 



Key words Fast-shutter camera • 
Laser diode • Multiplexing • 
Schlieren optics • Analytical 
ultracentrifugation 



Introduction 

The detection of the gradient of concentration of the 
polymer component in thermoreversible gels is difficult 
in comparison to polymer solutions. Owing to the 
turbidity of the gels, it is not always possible to detect 
the gradient of concentration of the polymer component 
in the gel during a run. Therefore it is very important to 
raise the available light intensity. 

The Analytical Ultracentrifuge (Beckman Model E) 
at the department of Applied Physical Chemistry in 
Duisburg is equipped with a laser, an acousto-optical 
modulator (AOM) and a multiplexer, which was con- 
structed in the department at Duisburg [1, 2]. 



The old set-up (AOM) 

Figure 1 shows the working principle of the multiplexer, 
which was developed in our group at the university. At 
the rotor fork a reflection light barrier is mounted, which 
generates a DC signal every time the reflection field on 



the rotor code ring passes the barrier. The impulse 
former converts this signal into a rectangular signal, 
which is used as the reference signal at 0° of the rotor 
angle. By means of the multiplexer it is possible to 
generate two TTL signals with adjustable angles ac- 
cording to the reference signal. A TTL signal is a 
rectangular DC signal with an amplitude of 5 V and a 
variable width. These two TTL signals are used to 
control a high-frequency driver, which produces a 
radiofrequency signal. A Te02 crystal is used as the 
AOM. The radiofrequency signal induces local changes 
in the density of the crystal and therefore changes in the 
index of refraction of the crystal [3]. 

The result of these changes is that every time a 
measuring cell passes the optical path, the index of 
refraction of the crystal is changed in such a way that the 
laser beam is refracted and passes the apertures. For all 
other times the light is not refracted and is faded out by 
means of the apertures [3, 4]. 

Owing to the fact that for each rotation two 
adjustable TTL signals are generated, it is possible to 
measure two different cells per revolution, e.g. a 



11 



Fig. 1 Schematic representa- 
tion of the old set-up 



screen video camera 




measuring cell and the counterbalance cell or other 
combinations in a multihole rotor. 

A disadvantage of this experimental set-up is the fact 
that about 95% of the incident light is dissipated by the 
AOM and that four lenses are needed to make the beam 
parallel. Therefore we attempted to achieve modulation 
without the use of an AOM. 



The new set-ups 

In Fig. 2 the two new set-ups, which have been realized, 
are presented schematically. Both set-ups work without 
the AOM and therefore the light intensity, which is 
available for the measurements, is raised considerably. 
Another advantage of both new set-ups is the fact that 



only two cylindrical lenses are needed to form a band of 
parallel light. Thus the calibration procedure becomes 
easier. 

Modulation of the laser diode 

The multiplexer is connected with the power supply of 
the laser diode. This power supply was also constructed 
in our department. The laser diode (Philips, 100 mW, 
655 nm) is powered down automatically to 80% of the 
initial power. The reason for this is a raised service life of 
the diode. The TTL signals modulate the power supply 
directly, resulting in the modulation of the beam. The 
time of a single laser pulse is adjustable by means of the 
change of the width of the TTL signal, which can be 
varied using the multiplexer. By means of this technique 



Fig. 2 Schematic representa- 
tion of the two new set-ups (see 
text): a moduiation of the iaser 
diode; b moduiation of the 
camera 



screen fast-shutter-camera 
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it is also possible to measure two cells for each 
revolution of the rotor. 

Modulation of the camera 

In the last few years, fast-shutter cameras have become 
cheap. A fast-shutter camera (e.g. FlashCam, PCO 
Computer Optics) can also be modulated directly by 
means of the TTL signal, e.g. every time the cell passes 
the optical path, the shutter of the camera will be opened 
and a Schlieren picture is received. The minimal 
exposure time of this type of camera is 1 /is, e.g. it is 
possible to take Schlieren pictures of 1° cells up to 
rotational speeds of at least 70000 rpm. The exposure 
time is adjustable from 1 fis up to 1 ms in a simple way 
and therefore it is possible to measure at nearly all 
conceivable rotor speeds. 

In contrast to the modulation of the laser diode, only 
a single TTL signal can be used. Thus only one cell can 
be measured for one revolution of the rotor. 

A useful function of this camera is the fact that 10 
pictures of a cell for 10 rotations can be integrated. 
Furthermore, the camera has a centronics interface. 
Therefore a direct connection to a computer is possible. 

Figure 3 shows two Schlieren pictures of a water 
filled cell (sector angle 4°), received by means of the fast 
shutter camera at an exposure time of 10 fis. This 
exposure time is equivalent to a rotational speed of 
about 70000 rpm for a 4° sector shaped cell. The left 
picture was received by means of the integration of 10 
pictures whereas the right one was received as a single 
picture. By comparison it becomes clear that the 
integration function of the camera is very useful to 
improve the sharpness of the Schlieren line and the 
contrast of the pictures. 

In Fig. 4 a Schlieren picture of a 1° water filled sector 
shaped cell, received with an exposure time of 2 /is and 




Fig. 4 Schlieren picture of a 1° sector-shaped cell, filled with water, at 
an exposure time of 2 fis, received by means of the fast-shutter camera 
(Schlieren angle = 80°); tb = cell bottom, rs/v = meniscus solvent 
(water)/vapor, cx = top of the cell, = distance from the axis of 
rotation 

integration of 10 pictures, is presented. This exposure 
time is equivalent to a rotational speed of about 
70000 rpm for a 1° sector shaped cell. The reason for 
the relatively low sharpness of the Schlieren line in Figs. 3 
and 4 is the fact that the frame-grabber card, which is 
used to digitize the pictures, works only with a resolution 
of 640 X 480 pixel, whereas the CCD chip in the camera 
works with a higher resolution of 756 x 580 pixel. 



Conclusions 

In the present work, two new facilities of the modulation 
have been realized, which are necessary for measure- 
ments by means of an optical system in analytical 



Fig. 3 Schlieren pictures of a 4° 
sector-shaped cell, filled with 
water, at an exposure time of 
10 /IS, received by means of the 
fast-shutter camera (Schlieren 
angle = 80°) (see text); 
tb = cell bottom, rg/y = me- 
niscus solvent (water)/vapor, 

= top of the cell, = dis- 
tance from the axis of rotation 
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ultracentrifugation. In the first case the light source, a 
laser diode, is modulated directly by means of the TTL 
signal, generated by the multiplexer. The power supply 
was constructed in our department. 

The second facility is the use of a fast-shutter camera. 
The TTL signal controls directly the shutter of this 
camera. 

The advantage of both new set-ups is the fact that the 
light intensity, which is available for the measurements, 
is raised and the calibration procedure of the optical 
system is much easier in comparison to the old set-up. 
The fast-shutter camera might be a very suitable tool as 
a component of the detection optics in analytical 
ultracentrifugation, because the camera is very easy to 
handle and can be installed into every existing modula- 
tion system. Only a TTL signal must be generated in 
dependence of the actual cell position. An advantage of 
this type of camera is the integration function. By means 
of this function it is possible to integrate 10 pictures of a 
distinct cell. The result is an improvement of the contrast 
and sharpness of the resulting Schlieren picture. The 
Schlieren pictures in Figs. 3 and 4 show clearly that it is 
possible to use this type of camera to perform measure- 



ments with 1° sector shaped cells up to at least 
70000 rpm. 

Another useful function using the fast-shutter camera 
is an adjustable delay between the TTL signal and the 
receiving of the picture, from 1 /is to 1 ms in steps of 
1 /IS. This function allows the user to measure cells at 
every position in a multihole rotor if it is not possible to 
vary the position of the TTL signal by means of a 
multiplexer. 

A general disadvantage of the set-ups we have 
realized is the fact that the frame-grabber card, used to 
digitize the pictures, works only with a resolution of 
640 X 480 pixel. In the future we want to replace the old 
frame-grabber card with a new one to improve the 
sharpness of the Schlieren pictures. Furthermore, it 
might be possible to replace the multiplexer by a 
computer A/D card. For this case, the control of the 
measurements by use of a computer would become more 
comfortable. 
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Abstract The polarized-light inter- 
ference method is applied to visual- 
ize a distribution of macromolecule 
concentrations based on displace- 
ments in an ultracentrifugal cell. The 
optical system based on the Lebedev 
interferometer is presented. The 
sensitivity and precision of the sys- 
tem are compared with those of the 



widely used Schlieren optical system 
and Rayleigh interference optics 
when applied to synthetic polymer 
dilute solutions. Some questions of 
methodology are discussed. 

Key words Polarizing interference 
optics • Sensitivity • Distributions 



Introduction 

Analytical ultracentrifugation studies of many synthetic 
polymers in organic solvents have been performed [1, 2]. 
To obtain reliable experimental data, it is very important 
to minimize the concentration effects distorting the 
shape of the sedimentation curves. For this purpose, the 
concentration of the solutions to be investigated should 
be as low as possible, and, naturally, this increases the 
requirements imposed on the sensitivity of the instru- 
ment, i.e., its ability to record small changes in solute 
concentration, c, and in the concentration gradient, 
dcjdx. 

The local changes in c and dcjdx are usually recorded 
by refractometric methods [3] in which the dependence 
of the refractive index of the solution, n, on its 
concentration is utilized: 

dn/dx— (dn/dc) dcjdx , (1) 

where d«/dc is the specific refractive increment of the 
polymer-solvent system. Almost every commercial an- 
alytical ultracentrifuge (AUC) is equipped with the well- 
known Schlieren optical system that provides direct 
viewing. 

The sensitivity of the refractometric methods may be 
increased by using various interferometric schemes. All 
the schemes that have been applied to polymer solutions 
may be subdivided into two families. To the first one 



belong the schemes where two light beams (which 
further form the interference pattern) are shifted from 
one another in the direction normal to the direction (x) 
of the variable refractive index, n(x), [solute concentra- 
tion c(x)] as illustrated in Fig. la. The contour of the 
resulting fringe (Fig. Ic) corresponds to the radial 
distribution of «(x). To the second family belong the 
schemes where these beams are separated in the 
direction x of the variable refractive index (Fig. lb). 
The contour of the fringe (Fig. Ic) here has a form 
intermediate between the distributions of n(x) and 
dnjdx(x) depending on the relation between the shift 
value and the width of the concentration boundary [3]. 

Hence, the schemes with Jamen [4, 5] and Rayleigh 
interference optics belong to the first family, and those 
with Lebedev, Bringdahl, and Beutelspacher [3, 6] 
interference optics belong to the second one. All of 
them are characterized with the great sensitivity that 
exceedes that of the refractometric Schlieren systems by 
an order of magnitude. 

A considerable enhancement in the quality of the 
Rayleigh interference patterns was achieved with a 
pulsed laser source [7, 8]. However, the application of 
Rayleigh interference optics in sedimentation velocity 
studies is significantly limited by disturbing patterns, 
when applied in the high-speed regime, due to optical 
noise (inhomogeneities) which arises in the cell glass 
along the deformation of the cell centerpiece in very 
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Fig. 1 Schematic path of light beams in the shift interferometers of a 
first and b second families as defined in the text, c presents the 
resulting interference patterns. 1 and 2 mean two systems of the light 
beams shifted from one another; 3 means the reference sector with a 
solvent, and 4 is the operating one; n and are refractive indexes of 
the solution and the solvent, respectively 
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strong centrifugal fields; therefore, it is used primarily 
for low-speed sedimentation equilibrium experiments [7]. 

Another great potential of Beutelspacher and 
Lebedev optics in the applicability to the AUC can be 
explained by the smaller shift of the interfering beams, 
and, hence, by the lower (more optimum) sensitivity of 
these systems to optical noise from the optical elements 
that arises in strong gravitational fields. 



Lebedev interference optics 

Among the schemes under discussion, a polarizing 
interferometer of the Lebedev type [9] has certain 
advantages; therefore, polarizing-interference attach- 
ments based on the Lebedev interferometer were devel- 
oped, designed, constructed, and used in combination 
with AUCs from the Hungarian Optical Works MOM 
of various series such as G-110, G-120, 3130, 3170, and 
3180 [10, 11]. 



Principal optical scheme 

The optical scheme of the instrument is shown in Fig. 2. 
The light beam from the source (1) (mercury lamp) 
passes through a monochromatizing device, and is 
focused by a lens (2) on the point diaphragm (3). With 
the aid of another lens (4) it travels further as a parallel 
beam. The beam is polarized with a polaroid (6) (with 
optical axis oriented at an angle of 45° to the radial 
direction) and separated into two beams by a birefrin- 
gent plate (7) made, for example, from Iceland spar. 
Consequently, the interfering beams in the cell are 
mutually shifted from one another by the distance a 
(spar twinning), the direction of the shift being normal 



Fig. 2 Scheme of a polarizing interference attachment developed for 
an analytical ultracentrifuge of the MOM series 3180. x is the 
coordinate of the point in the cell as counted from the axis of rotation. 
Light source (I) (mercury lamp); lenses (2, 4, 10, 11); point diaphragm 
(J); prism with total internal reflection (5); polaroids (6, 13); spars with 
a twinning of a (7, 9); half-wave plate (7/2); cell (8); wedge (72); 
photographic film (14) 

to the plane of the solution-solvent interface (e.g., the 
twinning a value is approximately equal to 0.11 x A for 
Iceland spar, and 0.0059 x A for quartz, with A being the 
light path in the plate). After passing a half-wave plate 
(a/2) (mica plate rotating the planes of polarization of 
both beams by 90°) and a cell (8), the two light beams 
are combined into one again by the second spar plate (9) 
equivalent to the first (7). A quartz wedge (12) (Babinet 
compensator) and a polaroid (13), crossed with the first 
(6), make it possible to observe the interference pattern 
of the two polarized beams. A telescopic system of lenses 
(10, 11) transforms one parallel light beam into another 
one, varying the optical magnification of the pattern. 
With the aid of that system, the interference pattern is 
projected onto a photographic film (14). The system also 
projects the middle of the cell (8) onto the film 14 [the 
plane (14) is located in the focal plane of the lens (11)]. 
The edge of the wedge (12), and the axes of spar the 
plates (7, 9) are mutually oriented in the radial direction. 



Image of the cell 

In the absence of optical inhomogeneities in the liquid 
filling the cell (8), the interference pattern on the screen 
(14) has alternating light and dark fringes, whose 
interval is dependent on the wedge angle of the 
compensator. The fringes recorded on photographic 
film are parallel to the radial direction, x. 
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The pattern formed is shown in Fig. 3, where images 
of the empty cell and of the counterbalance cell are 
compared with an experimental pattern [10]. It is easy to 
see that all the reflexes here are doubled with the same 
shift of a. This originates from the twinning plate (9) 
that is located between the cell and the observer and 
forms a doubled image of any point of the cell (8) in the 
plane (14). If the axis of rotation were in the field of 
observation, we would also see its doubled image. So, we 
refer to one half of the reflexes as the “left” image, and 
to the other half as the “right” one. Naturally, the radial 
distance of all left reflexes is counted from the left image 
of the axis of rotation, and the right reflexes are related 
to the right image of the axis. An example is presented in 
Fig. 3c. Since the standard interval in the counterbal- 
ance cell is 1.6 cm, we calculate the coefficient of 
magnification in a radial direction by = 
(x4 — xi)/ 1.6= (X4 — x'i)/1.6, the meniscus position by 
-^men — 5.7 T {x 2 ^\) / = 5.7 T (x^ and the 

boundary position by — 5.7 + (x-j — Xi)/Am — 

a/2 = 5.7 + (x3 —Xj)/Am + a/2, where all the radial 
distances are in centimeters. 

The interference picture is obviously formed in the x 
range where the left image of the cell coincides only with 
the right one. 



Application to experiments with a double-sector cell 

Lebedev interference optics (in contrast to Rayleigh 
ones) do not require the use of only a double-sector cell. 
Moreover, these optics are not successful when applied 
with the double-sector cell as illustrated in Fig. 4a. The 



interference pattern is not legible here because it results 
from the superposition of two patterns. One of them is 
formed by light beams that went through a sector with 
solution, and the other is formed by light that went 
through the solvent. The incompatibility of these two 
patterns may be due to different optical noise in the two 
directions. 

Nevertheless, the optics may be used successfully with 
the double-sector synthetic-boundary cell when a 
reference sector is shadowed completely (Fig. 4b) [10]. 

Interference pattern 

During a sedimentation run, the fringes are curved in the 
direction normal to x (Fig. 3c). If there are optical 
inhomogeneities in the cell due to changes in the solution 
concentration, c, in the direction x, then, in accordance 
with Eq. (1), the optical difference, d, in the paths of the 
two interfering beams 1 and 2, as expressed in wave- 
lengths, is given by 

X 

6 = ^ ‘ ^ — —=f^ j (9c/9x)dx = /l[c(x) — c(x — a)] , 

x—a 

( 2 ) 

P^{h/k){dn/dc) , (3) 

where h is a cell light path, X the wavelength, x the rotor 
radius of the point in the cell, dcjdx the concentration 
gradient at the point x, and c(x) and c(x-a) the solute 
concentrations at two points of the cell with the rotor 
radiuses x and x-a, respectively. 



Fig. 3 Image of a an empty cell 
and b a counterbalance cell in 
comparison with c the experi- 
mental pattern, a and b are 
obtained with a stationary ro- 
tor, and c is the picture of a 
current sedimentation run. xi, 
x'l and X4, x], are the double 
reflexes of the counterbalance 
cell, X2, Xj mark the double 
image of the meniscus, .X3 is the 
position of the sedimenting 
boundary 
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Fig. 4 Interference pattern 
obtained with the double-sector 
synthetic-boundary cell when 
a both the sectors are open for 
light, and b when a reference 
sector is shadowed 




The optical retardation, S, is revealed in the nonuni- 
form shift of fringes in the direction parallel to the liquid 
interface (normal to the x-axis) and in their correspond- 
ing curvature. In value, (5 is clearly equal to the fringe- 
shift number. An example of the pattern is given in 
Fig. 3c. The shape of the fringes makes it possible to 
determine the concentration distribution function of the 
rotor radius .v. 

If the rotor radius is counted from the left image of 
the axis, and two points of the cell with radiuses x and 
X — ma (where m is a real number) are considered, then 
according to Eq. (2) the relation between the concen- 
trations c(x), and c(x — ma) at these points is given by 



j m— 1 

c(x) = c(x — ma) -f — d(x — ia), m — 1,2,3, . . . 
P i=0 



( 4 ) 



where 6[x — ia) are the ordinates of the points on the 
fringe with the abscissas x,x — a, . . . , x — {m — l)a, 
respectively. 

In turn, if the rotor radius is counted from the right 
image of the axis, then, instead of Eq. (2), we have 

S{x) — P[c{x + a) — c(x)] (5) 

and 



j m— 1 

c(x) = c(x + ma) — + ia), m — \,2,3, . . . 



1=0 



( 6 ) 



where d(x + ia) are the ordinates of the points on the 
fringe with the abscissas x,x + a, . . . ,x + {m — l)a, 
respectively. 



Equations (4) and (6) allow the concentration distri- 
bution function c = c(x) to be calculated using the 
experimental 3{x) profile. 

In this case, it is convenient to use Eq. (4), beginning 
the measurements in the range of the neat solvent. For 
this purpose, the base point with the abscissa x — ma h 
chosen in the region of the solvent and, correspondingly, 
c{x — ma) is assumed to be zero. The value of m is found 
by measuring the radial distance between the point 
considered and the base point. The values of 3{x + ia) 
are determined from the contour of the fringe. 

It is more convenient to apply Eq. (6) when the 
concentrations in the region of the interface are 
compared to the loading solute concentration, Cq. In 
this case, the base point with the abscissa x + ma is 
chosen in the region of the initial solution (relatively far 
from the interface), where c(x -f ma) = Cq. 

After plotting the integral function c = c(x), the 
gradient distribution function, dc/dx{x), is found by 
graphic differentiation of the c(x) curve. In the other 
method, the gradient prohle dc/dx{x) is found by 

j m— 1 

dc/dx{x) — dc/dx{x — ma) + - d3{x — ia) / dx, 

P i=0 

m = f,2,3,... , (7) 



if the rotor radius is counted from the left image of the 
axis, or by 



j m— I 

dc/dx{x) — dcjdx(x + ma) — — d3(x + ia) / dx 



m = 1,2,3,... , 



( 8 ) 
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if the rotor radius is counted from the right image of the 
axis. 



Visual distributions of c{x) and dc/dx{x) 

If the visible width of the sedimentation boundary (the 
region in which dcjdx ^ 0) is less than the a value, then 
the experimental d(x) profile corresponds to the con- 
centration distribution function, c(x), in the cell. This 
can be seen in Fig. 5a, which shows the interference 
pattern obtained during a sedimentation run experi- 
ment. Spars with a value for twinning of 0.10 cm were 
used. According to Eq. (7), the right branch of the curve 
corresponds to the expression 3{x) = P[c{p) — c{x)] be- 
cause the counts are carried out here from the plateau 
region where the concentration is c(p). 

If the sedimentation boundary is much broader than 
a, then the experimental 3{x) profile qualitatively 
resembles the gradient distribution function dc/dx{x) 
but does not coincide with it quantitatively (because of 
the finite a value). This can be seen in Fig. 5b, which 
shows the interference patterns obtained for the same 



solutions as in Fig. 5a but using spars with smaller 
twinning, a = 0.021 cm. 

The method described in the previous section should 
be used for the quantitative treatment of experimental 
interference curves at any spar twinning. Equations (4)- 
(8) are applied here and, as a result, the concentration 
profile, c(x), and the gradient curve, dc/dx{x), are 
obtained. 



Dispersion of the dc/dx{x) distribution 

The second central moment (dispersion), of the 
dc/dx{x) distribution is defined by 

= m2/mo- {mi/mof , (9) 

where w, is the moment of the /th order with respect to 
an arbitrary point on the abscissa (x) lying beyond the 
gradient curve dc/dx{x): 

OO 

nti — J x‘{dc/dx)dx . (10) 

0 



Fig. 5a, b Fringes of Lebedev 
optics obtained with a spar 
twinning of a a = 0.1 03 cm and 
b a = 0.020 cm, c Schlieren pat- 
tern, and d a Rayleigh one. The 
patterns were obtained during a 
sedimentation run experiment 
with a polyacrylate solution in 
heptane (concentration 1.4 g/1, 
refractive increment (dn/ 

dc )546 = 0.10 ml/g) 
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Evidently, niQ is equal to the dc/dx{x) curve area, whereas 
mil mo gives the radius value of its center (centroid). 

From the interference pattern, the dispersion, is 
found by 

= (a^/2^){argerf[fl(27iA^)^'^^]}^^ , (11) 

where is the dispersion of the experimental d(x) 
profile and argerf means an argument of the probability 
integral 0(z); 

Z 

<h(z) = exp(-/)dj^ . 

0 

In turn, A^ is calculated by A^ = (J 2 /J 0 ) ~ iJi/Jo)^, with 
moments of the d{x) curve given as 

00 

ji — J x‘ — d(x)dx . (12) 

0 



Gaussian approximation 



equations, the area under the curve is expressed in terms 
of unit length multiplied by the number of interference 
orders. To express the Q value in the usual units of area, 
it should be multiplied by the distance between the 
fringes. 

If a spar twinning a value is sufficiently high, and the 
initial boundary is relatively sharp, it is possible to carry 
out measurements in a relatively short experimental time 
when (7 < a/2. Under these conditions, we may use the 
total area, Q, under the curve and its “external” part, 
AQ, lying in the range of abscissa x which satisfies the 
conditions —00 < 2xja < —1 and 1 < Ixja < 00. It 
follows from Eqs. (15) and (16) at g < all to within 
2% that 

a^\.25AQ/Q. (19) 

From the time moment when g > a /A, according to Eqs. 
(15)-(18), the following equation can be used 

<5m/e= (l/a)<l>(a/<T8'/2) , (20) 

where is the maximum ordinate (height) of the fringe 
curve; hence, g is calculated here by using the experi- 
mental dm and Q values. 



Let the gradient distribution function dc/dxix) be of a , 

Gaussian type; Accuracy and resolving power 



dc/dx{x) — [Ac/{2nf^^G\Q\p{—x^/lG^) , (13) 

where g is the standard deviation, g — (cr^)'/^. The area, 
nio, and maxirnum ordinate, H, of this distribution curve 
are related to by 

j2n . (14) 

This permits the determination of the dispersion, g'^, 
from the values of and H (the so-called “height- 
area” method). 

The substitution of Eq. (13) into Eq. (2) and the 
introduction of the variable y — x/{2^I'^g) readily trans- 
forms Eq. (2) into 



<5 = {pAc/2(p) , 



(15) 



where 



(P 



= O 



X + a/2\ 
. cr\/2 / 



- O 



X — a/2\ 

. 0V2 ) 



(16) 



At the start moment (t = 0, cr = 0), the d(x) function 
and, correspondingly, the fringe contour have the form 
of a rectangle with a base equal to a, a height and an 
area Q given by 

d° = An{h/a) = pAc (17) 



The sensitivity of Lebedev interference optics in appli- 
cation to sedimentation runs may be compared with 
those of the schlieren optical system. The scheme in 
Fig. 6 shows the origins of the errors, Axi, and Ax2, in 
the experimental determination of the boundary radial 
position, and, hence, of the sedimentation coefficient, 5, 
that follow from a finite optical width of the interference 
band and from a width of the boundary, respectively. 
Let us define an optical width d of the fringe as the 
distance between the equal-density lines with intensity 




Q=Sy = PaAc. (18) 

A sedimentation run leads to a change in the fringe 
shape, whereas the area Q remains unchanged. In all the 



Fig. 6 Schematic origins of uncertainties in the determination of the 
sedimentation boundary position, x^; A-Vi and Ax2 are uncertainties in 
the Xm determination caused by the width of the curve, d, and by the 
boundary width, respectively. See the text for more details 
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equal to half the maximum blackness of the fringe 
registered. The position of a fringe contour is detected 
with an accuracy djk. We analyze the contour of the 
unimodal sedimentation curve with a maximum ordi- 
nate H and an area Q as obtained at time t and at an 
angle speed m of the rotor rotation. The relative error, 
Asjs, in the determination of the sedimentation coeffi- 
cient can be estimated by [12] 

As/i = (A5 /^)o + (A5/5), + (A5/5)d + (A5/5)pj , (21) 

where (As/5)gj,Qpj is the error that arises from distur- 
bance of the boundary due to a start width (0), the 
inhomogeneity of a sample {s), diffusion effects (D), and 
the additional width of the interference curve (PI), with a 



being the twinning value: 

(As/^)o = {A/3ko?s){d/Q){^l/t){\ + Mo) (22) 

(As/5)j, = /k){d / Q){all s)t{\ + Gkco^ad) (23) 

(As/5)d = {8/3koj^){d/Q){D/s)[l + k{2Dty^^] (24) 

{As/s)p^ — {l/3koj^s){d/Q){a^ /t){l + ka) . (25) 



Here s and D are the sedimentation and diffusion 
coefficients, respectively, is standard deviation of the 
differential sedimentation coefficient distribution func- 
tion, and Ag is the start dispersion of the boundary in an 
experiment with a synthetic-boundary cell. The uncer- 
tainty in the 5 determination thus evaluated obviously 
depends on the sensitivity of the registration optical 
system (through the djQ parameter) and quality of the 
pattern. Figure 5 demonstrates that fringes in the 
Lebedev pattern (Fig. 5a, b) are optically more uniform, 
they can be registered with higher accuracy than those of 
the Schlieren pattern (Fig. 5c), and the djQ value here is 
3-5 times lower. 

The resolving power of the sedimentation run method 
is determined by the minimum difference in .s. 
As = — S 2 , that leads to the formation of the bimodal 

gradient profile. It is evaluated by [13] 

(A.A),,, = (l/m)(Z)/.)'/2 . (26) 

Errors in the determination, originating from the 
quality of the optical system and estimated by Eq. (21), 
are comparable in value with the resolving power, 
(A.s/j)res- Hence, these errors reduce the resolving power 
of the AUC, and, with interference optics, they are 
several times smaller. 



Inhomogeneity parameters from low-speed 
sedimentation experiments 

At low frequency of the AUC rotor rotation, spreading 
of the concentration boundary (usually formed in the 



synthetic-boundary cell) with time is mainly due to the 
diffusion phenomenon. When the polymer is monodis- 
perse with respect to molecular weight, the curve 
dc/dx{x) corresponds to the Gaussian function 
(Eq. 13); however, if the polymer is polydisperse, then 
the dc/dx{x) curves prove to be non-Gaussian. The 
dispersion, of the dc/dx{x) profile as determined by 
the height-area method differs from that obtained by the 
method of moments, and their relation reflects the 
inhomogeneity of the sample [14]. This can be success- 
fully detected in low-speed experiments as illustrated 
below. 

Suppose we have an ensemble of hard particles, 
spherical in form, with different radiuses r and 
with a weight r distribution of the Kraemer-Eansing 
type [15]; 

(l/co)(dc/dr) = ( 7 //? 7 i‘/ 2 )exp{-[ln 2 (yr)]/ 52 } , (27) 

with /I = [21n(rw/rn)]'^^ and 7 = (rw/r)^‘ exp(;S^/4). 
Here cg is the concentration of the initial solution, p 
and y are the parameters of the distribution, and 
are the weight- and number-average values of r. The 
diffusion coefficient of these particles in dilute solution is 
defined by D = kTI6nr]r in accord with the Stokes- 
Einstein law. Here k is the Boltzmann constant, T the 
absolute temperature, and rjo the solvent viscosity. 
Computer calculations yield the relationship between 
the Tw/g and D^jD^. parameters that is given in Eig. 7. 
The results are applied below to the experimental data 
obtained for fullerene (Cgo) in solution in l-methyl-2- 
pyrrolidone. A great aggregation of the Cgg molecules 
was recently observed in this solvent. 

A contour of the experimental fringe, d{x), and its 
change with time as obtained for this system in a low- 




Fig. 7 The relationship between Dw/Da and r„/r„ as calculated for a 
Kraemer-Lansing distribution. D is the diffusion coefficient deter- 
mined either by the method of moments (DA or by the height-area 
method (Da), (r„) is the weight- (number-) average value of the 

radius of a sphere 
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Fig. 8 Contour of the fringe (5(x) and its change with time as observed 
in a solution of C^o in l-methyl-2-pyrrolidone at 22 °C at times (from 
left to right) 6, 10, 15, 20, 25, 30, 35, 40, 50, 60, and 70 min, 
respectively, after the start. The frequency of the rotor rotation was 
8,000 rpm. The solute concentration was 0.44 g/1. For convenience, 
every second curve is shifted to the right by 0.016 cm 

speed experiment is shown in Fig. 8. The curves are 
symmetric in form, and the experimental time is 
sufficiently long for a significant change in the curve 
form that makes it possible to calculate the diffusion 
coefficient D. The curves were treated with both the 
“height-area” method using Eq. (20) and with the 
method of moments using Eq. Jd2). The results are 
presented in Fig. 9, where the cr^ values are plotted 
against time. The experimental points form a linear 
function; hence, _the diffusion coefficient is calculated 
using D — (\jT)da'^ jdt. The values obtained with the 
method of moments (points V in Fig. 9) are obviously 
higher, and the corresponding Z)„ value is 1.56 times the 
one of Z)a- This result corresponds to the r^\r^ = 2 value 
which follows from the relationship given 

in Fig. 7. The model distribution of the particles 
(aggregates) responsible for the diffusion phenomenon 
in a solution of fullerene Ceo in l-methyl-2-pyrrolidone 
is shown in Fig. 10 with respect to r (the radius of the 
hydrodynamically equivalent hard sphere). 




Fig. 9 Dispersion, of the 6c/6x distribution versus time as 
obtained for C«) in l-methyl-2-pyrrolidone at 22 °C from the curves 
presented in Fig. 8 and treated by the method of moments (7') and by 
the height-area method (7) 




Fig. 10 The linear dimension distribution function of the Kraemer- 
Lansing type for the particles responsible for the diffusion phenom- 
enon observed in a solution of C^) in l-methyl-2-pyrrolidone. The 
inhomogeneity parameter is = 2 

Equilibrium analytical ultracentrifugation 

Polarizing interferometry is a useful tool for the study of 
not only velocity sedimentation but also sedimentation 
equilibrium in all its stages [16]. The intersection of the 
3{x) curve with the meniscus {x = x^en) allows the 
determination of c in the region of the meniscus, whereas 
the value of dcjdx is determined directly from the slope 
of the curve 3{x) in this region. The same is true for the 
bottom region and for any other cell zones. This justifies 
the use of the equilibrium centrifugation method as well 
as the approaches to the equilibrium state (Archibald 
method). 



Conclusions 

The main advantage of the polarizing interferometer as 
presented here is its high sensitivity compared to the 
well-known Schlieren optics supplied with almost all 
commercial AUCs. This can be seen in Eig. 5, which 
shows the sedimentation curves obtained simultaneously 
using a MOM AUC with the aid of three optical 
systems; Eebedev interference optics, the Schlieren 
optical system, and the Rayleigh one. At solute concen- 
trations of about 0.5 g/1, the Schlieren optical system is 
no longer productive, whereas with the aid of a 
polarizing interferometer we can reliably measure not 
only the radial position of the sedimentation boundary, 
but also analyze the shape of the fringe contour 
characterizing the molecular-weight distribution of the 
polymer. In comparison with Rayleigh optics, the 
Lebedev interferometer seems to be more applicable in 
high-speed experiments. Additionally, the Lebedev sys- 
tem contains no astigmatic optical elements and, 
therefore, provides an experimenter with a more ade- 
quate image of a process in the cell. 
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Abstract A recently established 
synthetic boundary crystallization 
uitracentrifugation method was ap- 
plied to stabilized inorganic nano- 
particles. As a model system 
stabilized CdS showing the quantum 
size effect was chosen allowing both 
independent access to particle size 
via UV-vis absorption measure- 
ments and the elaboration of the 
influence of different stabilizer mol- 
ecules on the CdS particle size 
distributions. The results were also 
compared to those derived from 
light scattering. It was found that the 
analytical uitracentrifugation meth- 
od is sensitive to very small changes 



in the particle size distributions in 
the angstrom range, yields particle 
sizes down to the size range of a 
critical crystal nucleus and allows 
the calculation of the thickness of 
the stabilizer shell if the overall 
diameter is known from light scat- 
tering. Thus, synthetic boundary 
crystallization uitracentrifugation is 
suitable to study the general influ- 
ence of additives on crystallization 
processes. 

Key words Analytical uitracentrifu- 
gation • Cadmium sulfide • Nano- 
particles • Synthetic boundary • 
Stabilizer efficiency 



Introduction 

Crystallization is an important process in colloid 
chemistry and materials science in general. The con- 
trolled nucleation and growth of inorganic materials 
under the influence of organic additives resulting in 
hybrid materials is a topic of recent investigations in the 
field of biomineralization and biomimetics [1,2]. Despite 
the increasing importance of such processes it is 
remarkable that they are still not well understood. To 
obtain information about the crystallization process, the 
particle size distribution of the colloidal system has to 
be determined by a reliable method. There exist different 
models concerning the growth mechanism and the 
expected size distribution of colloidal particles. The 
particle size distribution can either be represented by a 
continuous curve with one maximum [3] or can possess 
more than one maximum indicating favoured particle 
sizes [4]. The particles can grow by diffusion-forced 
growth of single particles or by aggregation of smaller 



clusters which can result in certain preferred agglomer- 
ation numbers (“magic numbers”) [5]. Magic numbers 
are also found if the particles grow shell by shell. 
Therefore, by analysing the particle size distribution it 
should be possible to distinguish between the different 
mechanisms. 

Different organic additives also have an influence on 
the crystallization of inorganic systems thus affecting the 
particle size distribution. This process is of enormous 
technical relevance. By studying the differences intro- 
duced, it should be possible to evaluate concepts of 
stabilizer efficiency and colloidal stabilization in general. 
Analytical uitracentrifugation (AUC) has been applied 
to particle size measurements since the early days of 
colloid science [6, 7] and it has proved to work well 
in the relevant particle size range of a few nanometres 
especially for highly complex colloids [8]. 

In this work we applied a recently established method 
called synthetic boundary crystallization uitracentri- 
fugation [9]. In synthetic boundary cells a reactant 
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containing solution is layered onto a more dense 
solution containing the other reactant when the centri- 
fuge is speeded up so that a very sharp and defined 
reaction boundary is formed. Due to the high centrifugal 
field, even the smallest colloids formed sediment out of 
the reaction boundary and so their growth is quenched. 
Simultaneously, the particle size distribution can be 
determined via sedimentation. Thus, the whole method 
makes use of the stopped growth once the particles leave 
the sharp reaction boundary paired with the observation 
of their movement in the centrifugal field. 

Synthetic boundary crystallization ultracentrifuga- 
tion fulfils several requirements for the investigation of 
nucleation processes: 

1 . The method allows the determination of particle size 
distributions with robust statistical significance. 

2. In many inorganic systems, nucleation and growth 
are very fast processes with a time scale of the order 
of microseconds. Quenching in an external reactor 
would not give access to the primary particles; 
therefore, the experiment has to be run in a frac- 
tionating analytical device with simultaneous preser- 
vation of the different stages of particle growth by 
quenching. 

3. Particles as small as about 1 nm are detectable. 

4. The experiments can be run under exactly reproduc- 
ible conditions as crystallization reactions are very 
sensitive to changes in reaction parameters. 

Despite the fact that synthetic boundary cells have been 
applied for various investigations in the field of bio- 
polymers [10, 11], to our knowledge it is the first time 
that synthetic boundary cells have been used to carry out 
chemical reactions between two reactants which are 
themselves not able to sediment considerably but only 
their reaction product is. 



Theory 

Synthetic boundary crystallization experiments 

As the theory of synthetic boundary crystallization 
experiments has been described comprehensively [9] we 
just briefly summarize the main results here. Overlaying 
of the reaction solutions leads to a sharp boundary at 
which nucleation takes place as indicated in Scheme 1. 
The newly formed particles can either stay in the 
reaction boundary and grow further or can diffuse or 
sediment out of the reaction boundary resulting in a 
quenching of the reaction. The particles can then 
sediment further or diffuse back into the reaction 
boundary and continue their growth. As the grown 
particles are then again subjected to further or 
quenched growth particles of different sizes are gener- 
ated. 
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Scheme 1 Schematic representation of synthetic boundary crystalli- 
zation ultracentrifugation 

It has been shown [9] both by theoretical investiga- 
tions and by wavelength experiments on semiconductor 
nanoparticles that diffusion is the predominant process 
in the early stage of the experiment, whereas with 
increasing experimental time sedimentation becomes the 
prevailing process. Therefore the particles can grow in 
the way described by diffusing back into the reaction 
boundary and the fractionation order of the particles 
is according to Scheme 1, with the biggest particles 
sedimenting first. 

The experimentally accessible sedimentation coeffi- 
cient distribution ( 5 ' distribution) is broadened due to 
diffusion of the particles. The diffusion broadening is 
significant as the particle size is only a few nanometres. 
The 5' distribution can be corrected by subtracting the 
broadening due to a mean diffusion coefficient calculat- 
ed from the mean particle size experimentally obtained 
by ultracentrifugation [12]; however, this approach only 
makes sense if the particle density is known, which is the 
case for polymer latices but usually not for organic/ 
inorganic hybrid colloids. Another way for the diffusion 
correction is the extrapolation of the ^ distribution at 
different experimental times to infinite time [13-17]. 
Applying one of these corrections gives the diffusion- 
corrected s distribution which can be converted to a 
particle size distribution assuming the validity of Stokes’ 
law: 




where dp is the particle diameter, is the solvent 
viscosity, ^ is the sedimentation coefficient, Pp is the 
average particle density and ps is the solvent density. 



Quantum size effect 

As colloidal semiconductor materials belong to a state of 
matter between molecules and solids they show size- 
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dependence of physical and chemical properties [18]. Of 
special interest is the dependence of the energy of the 
bandgap between the conduction and valence bands on 
the particle size reflected in a blue shift of the UV-vis 
absorption onset with decreasing particle diameter. 
Therefore by evaluating the energy according to the 
absorption onset one has independent access to the 
particle size [19]. 



Particle morphology 

For core-shell particles the volume of core and shell can 
be calculated via Eq. (2) if the total volume of the 
particle, the particle density, the core density and the 
shell density are known. 

fcore Pp Pshell ^2^ 

Vp 

Pcore Pshell 

where Fcore is the core volume, Fp is the particle volume, 
Pshell is the density of the shell and p^ore is the density of 
the core. 

The core volume gives access to the number of unit 
cells the particle contains as the volume of the unit cell is 
known for all kinds of inorganic minerals. Assuming 
spherical geometry the core diameter and shell thickness 
are calculated easily from the corresponding volumes 
but other geometries also do not present a problem. 



Experimental 

Methods 

A Beckman Optima XL-I analytical ultracentrifuge (Beckman 
Instruments, Spinco Division, Palo Alto) with scanning absorption 
optics (200-800 nm, accuracy ± 2 nm) and an on-line Rayleigh 
interferometer was used for all measurements. The ultracentrifuge 
software corrects the measured light intensity, I, for the initial 
intensity, /q, to give the absorbance, -log ///p. 

In sedimentation velocity experiments the absorbance is mea- 
sured as a function of the radius at different fixed wavelengths. 
Continuous radial scans with a step size of 50 fim were performed 
at different scan intervals and a rotational speed of 40 000 rpm. All 
experiments were performed at 25 °C. 

In this work we applied a home-made 12-mm charcoal-filled 
Epon double-sector synthetic boundary cell of the Vinograd type 
[9, 11] as this special cell type is not commercially available 
anymore. 

This cell utilizes the centrifugal force to form a reaction 
boundary by layering Na 2 S solution (ps = 0.9974 g/ml, i] = 
0.00904 P) in a reservoir onto a more dense CdCE/thiol solution 
(ps = 0.998 g/ml, 17 = 0.0091 P) in one sector of a double-sector 
centrepiece via a thin capillary. The two solutions build a sharp 
boundary at which the reaction takes place. Although the diffusion 
rate of the ions is very high, the fast reaction to an insoluble 
semiconductor CdS prevents extensive diffusion broadening of the 
boundary. 

For the UV-vis and dynamic light scattering (DLS) experiments 
the samples were prepared in the ultracentrifuge under synthetic 
boundary crystallization conditions. The run was stopped imme- 



diately after the overlaying was observed to ensure that the colloids 
formed were comparable to the systems analysed in the sedimen- 
tation velocity experiments. The solution was then cleaned by 
dialysing against pure water. 

The UV-vis spectra were recorded with a UVIKON 940/941 
dual-beam grating spectrophotometer (Kontron Instruments) with 
a wavelength range of 190-900 nm. The solutions were measured in 
a quartz glass cell (Suprasil; Hellma, Miilheim/Germany) with a 
pathlength of 1 cm at 25 °C. 

The DLS experiments were performed with a laboratory-built 
goniometer with temperature control (±0.05 K), an attached 
single-photon detector (ALV/SO-SIPD) and a multiple-tau digital 
correlator (ALV5000/FAST) from the ALV (Langen/Germany). 
The light source was an Innova (Coherent; Dieburg/Germany) 300 
argon-ion laser operating at 488.0 nm in single-frequency mode 
with a power of approximately 500 mW. The light-scattering cell 
(Hellma, Miilheim/Germany) was filled with 1 ml sample and put 
into the thermostated sample holder. The correlation function was 
recorded immediately afterwards in periods of 120 s. The resulting 
correlation function was transformed [20] into an intensity- 
weighted size distribution. 



Materials 

The synthesis of the colloidal CdS particles was performed in the 
presence of thiolactic acid (Aldrich, 95%), thioglycerine (Fluka, 
p.a.) or L-cysteine (Fluka, >99%) [21] as stabilizing agents. 

The CdS particles were prepared in the synthetic boundary cell 
at 25 °C by layering 15 fil of a 10 mM aqeuous solution of Nu 2 S 
(Fluka, p.a.) (pH = 10.5) onto 265 /il of a 5 mM CdCF (Fluka, 
p.a.) solution containing 0.5 mM thiol. The CdS particles (TGI), 
also examined by UV-vis and DLS measurements, were prepared 
analogously to Ref [22] with thioglycerine as stabilizer. The pH 
values of the CdCF solutions were adjusted to different values with 
an accuracy of 0.1 pH units using a Metrohm 716 DMS Titrino 
(Metrohm, Switzerland). The chemicals were used as obtained from 
the supplier. 



Results and discussion 

Particle characterization 



To achieve a complete characterization of the hybrid 
colloids obtained it is necessary to know the particle size 
and the particle density. The combination of UV-vis and 
DLS data on the one hand, and synthetic boundary 
sedimentation data on the other yields these parameters 
leading to information about the structure of the 
particles. Thiol-stabilized CdS particles are known to 
show core-shell morphology [22], with a core consisting 
of pure CdS and a shell consisting of stabilizer (Fig. 1). 

CdS particles (TGI) with a relatively narrow particle 
size distribution are crystallized in synthetic boundary 
crystallization experiments in the AUC in the presence 
of thioglycerine. The sedimentation velocity experiments 
yield a sedimentation coefficient distribution with a 
weight average sedimentation coefficient of 3.6 ± 0.9 S. 
Assuming the bulk density 4.83 g/cm^ of CdS [23] one 
would obtain an apparent mean particle size of 1.2 nm. 
(Ps = 1.0098 g/cm , rj = 0.00917 P). This density is 
certainly too high as the stabilizer shell has to be taken 
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Fig. 2 UV-vis absorption data of CdS-TGl in a wavelength range of 
190-900 nm 

into account. The particle sizes obtained from UV-vis 
(Fig. 2) and DLS (Fig. 3a) measurements give the same 
mean diameter of 1.6 nm. The size distribution obtained 
by DLS is relatively broad, which is a usual phenom- 
enon accompanying relaxation techniques such as DLS. 
As just the average particle size is used for further 
calculations this is no restriction here. For comparison 
the sedimentation coefficient distribution obtained from 
the AUC measurement and corrected in the way 
described is given (Fig. 3b). 

Assuming that the total diameter is well-determined 
by these density independent measurements, it is possi- 
ble to calculate the average particle density, pp, via 
Eq. (1) by combination of the weight-average sedimen- 
tation coefficient with the particle size obtained from the 
intensity-weighted DLS size distribution (z-average) 
[24]. The mean particle density of the TGl-CdS system 
is derived to be 3.2 g/cm^. Assuming that the density of 
the core is that of bulk CdS and that the density of the 
shell is that of the pure stabilizer (1.2 g/cm^) it is possible 
to calculate the diameter of the core and the shell 
(Fig. 1). The contribution of the shell is 0.5 nm in 
diameter, which is in good accordance with literature 
values 0.4 nm [22]. The core contains 56 unit cells of 
CdS (112 atoms of Cd and S, respectively). 





Fig. 3 a Particle size distribution of CdS-TGl system obtained by 
dynamic light scattering with a 500 mW argon-ion laser at 488 nm. 
b Sedimentation coefficient distribution of CdS-TGl system obtained 
by synthetic boundary crystallization at 25 °C, 40 000 rpm 

It is shown by these results that the combination of 
synthetic boundary crystallization ultracentrifugation 
with DLS und UV-vis absorption measurements allows 
a comprehensive characterization of CdS nanoparticle 
systems. 



Comparison of stabilizer influence 

In a next step we studied the effect of chemically quite 
similar stabilizers with almost equal densities on the 
particle size distribution. In Fig. 4 the AUC particle size 




Fig. 4 Comparison of approximately diffusion-corrected particle size 
distributions obtained by synthetic boundary crystallization at 25 °C 
and 40000 rpm with different stabilizers 
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Fig. 5 Chemical structure of the stabilizers applied 



distributions obtained with different thiol stabilizers are 
compared to visualize the differences induced by chem- 
ically similar stabilizers. The distributions are diffusion- 
corrected according to a modified van Holde-Weischet 
algorithm [16]. For a hrst approach we assume the 
particle density to be 3.2 g/cm^ as derived for the 
thioglycerine case. This implies that the contributions 
of the different stabilizers to the particle density are 
approximately equal. As the stabilizer densities are 
similar within 0.05 g/ml, this is a reasonable assumption. 

L-cystein as a stabilizer gives the biggest particles with 
a mean particle size of 2.8 nm, whereas thioglycerine 
seems to stabilize the smallest particles with an apparent 
mean diameter of only 0.9 nm. The fact that the smallest 
particle size of the distribution is 0 nm stems from the 
insufficient diffusion correction of the j distribution. 
Therefore, the real distributions can be considered to be 
narrower. The difference between the two particle size 
distributions obtained with thioglycerine acid as stabi- 
lizer in Figs. 3, 4 is due to the different reaction 
conditions. Assuming that the contribution of the 
stabilizer to the total particle diameter is 0.5 nm in all 
three cases the core consists of just one Cd atom and 
one S atom for thioglycerine, 72 atoms of Cd and S, 
respectively, in the thiolactic acid case and 128 atoms of 
Cd and S, respectively, for L-cysteine. Despite the fact 
that the assumption may not hold, this calculation 



shows that the measurements allow access to a size range 
where the critical nucleus is expected. The apparent 
mean diameters of the L-cysteine and thiolactic acid 
stabilized particles differ by 0.4 nm. It is clearly shown 
that even small differences in the particle size distribu- 
tions can be distinguished with the synthetic boundary 
crystallization method. The method is therefore sensitive 
to the effects of small changes in the chemical structure 
of the stabilizing molecules (Fig. 5). 



Conclusions and outlook 

Synthetic boundary crystallization ultracentrifugation is 
suitable for studying the influence of template molecules, 
stabilizers or any other kind of additives on the particle 
sizes of inorganic colloids. The combination of UV-vis 
and DLS data gives access to particle sizes and densities. 
As this is possible starting from critical crystal nuclei, 
crystallization mechanisms become potentially accessi- 
ble yielding information about biomineralization and 
biomimetic processes and colloidal stabilization in 
general. Thus it can be expected that not only basic 
knowledge about the technically and scientifically im- 
portant crystallization processes can be derived using 
this method, but furthermore, that it can serve as a fast 
test to compare the effectiveness of different additives. 

For future studies the direct combination of DLS and 
sedimentation velocity measurements in the AUC is to 
be attempted so as to determine particle size and density 
in the one experiment. 
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Abstract In this paper, three differ- 
ent methods for the calculation of 
the sedimentation coefficients S 2 of 
the polymer from sedimentation 
velocity runs of bovine serum albu- 
min solutions are compared: firstly, 
the calculation of by means of the 
time-dependent movement of the 
boundary solvent/solution; second- 
ly, the calculation of S 2 by means of 
the time-dependent movement of a 
hypothetical infinitely sharp boun- 
dary due to Goldberg; thirdly, the 
determination of 52 with respect to 
the time-dependent movement of the 
local centre of mass of the polymer 
component. The results indicate that 
the sedimentation coefficients due to 
Goldberg must be about twice as 
large as the values due to the centre- 
of-mass method. The calculated 
values, derived from the experimen- 
tal and simulated data, are in very 
good agreement with the theoretical 
relations derived in this work. The 



results show clearly that the method 
of the peak maximum of the Schlie- 
ren curve and the method of Gold- 
berg yield nearly the same values for 
S 2 and the value of infinite dilution 
^ 2 , as it is expected for native 
polymers having diffusion coeffi- 
cients of rather low values. A com- 
parison between S 2 and 5° due to the 
method of Goldberg and the corre- 
sponding values due to the centre-of- 
mass method showed clearly the 
important influence of the choice of 
the reference system. The resulting 
differences, aftributable to a transi- 
tion from the laboratory system 
(Goldberg and peak maximum) to 
the centre-of-mass system are 
explained in this paper. 



Key words Sedimentation coeffi- 
cient • Goldberg • Centre of mass 
and moving boundary methods 



Introduction 

The analysis of sedimentation data of polymer solutions, 
which can be derived by means of velocity runs in an 
Analytical Ultracentrifuge (AUC), is a well-known tool 
to calculate molar masses, sedimentation and diffusion 
coefficients, etc. of polymer molecules [1-3]. 

The characterization of thermoreversible gels by use 
of analytical ultracentrifugation is quite difficult in 
comparison to that of polymer solutions [4, 5]. In the 
past only a few researchers tried to calculate sedimen- 
tation coefficients of gels using the AUC. 



Johnson and coworkers [6-9] calculated sedimenta- 
tion coefficients of thermoreversible gels by measuring 
the time-dependent movement of the boundary gel/ 
solvent at high centrifugal forces. A general problem at 
this time was the low intensity of the light sources used. 
Due to this, it was not possible to detect the gradient 
of concentration in the whole gel phase during the 
measurements and there was no alternative to the 
method mentioned above. 

A few years ago, the AUC Beckman model E at the 
department of Applied Physical Chemistry in Duisburg 
was equipped with a new Schlieren optical system [10]. 
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The advantage of this set-up was the relatively high light 
intensity which was available for the measurements. Due 
to the improved optical system, it was possible to detect 
the gradient of concentration of the polymer component 
in the complete gel phase during the sedimentation runs. 
Hinsken [11] showed for K-carrageenan gels that sedi- 
mentation of the polymer takes place before the 
meniscus gel/solvent begins to move towards the bottom 
of the cell; therefore, the method of Johnson cannot be 
used to describe the sedimentation of the polymer 
component in the gel. 

Borchard and Hinsken [12] introduced a new evalu- 
ation method to calculate the sedimentation coefficient 
of gels. They calculated the sedimentation coefficients of 
K-carrageenan gels by detection of the time-dependent 
movement of the centre of mass of the polymer 
component in the gel during the run. In the case of 
K-carrageenan and gelatin gels the sedimentation coef- 
ficients, which were calculated by the centre-of-mass 
method, showed a nearly quadratic dependence on the 
height of the gel column. 

The intention of our work is to find a universal 
evaluation method for sedimentation velocity experi- 
ments, which can be applied not only to sedimentation 
data of polymer solutions but also to thermoreversible 
gels. In this case it would be possible to describe a 
polymer/solvent system which forms a gel at a defined 
polymer concentration over the whole concentration 
range with one evaluation method. 

In the present paper we have calculated the sedimen- 
tation coefficients S 2 of bovine serum albumin (BSA) 
solutions of different concentrations by means of three 
different evaluation methods. The first two are typical 
procedures to evaluate data of polymer solutions 
whereas the centre-of-mass method has not been applied 
to polymer solution data until now. The aim of this 
procedure was to get an idea in which manner changes in 
the evaluation method have an influence on the resulting 
sedimentation coefficients. 

It will be shown that changes in the reference system 
have an important influence on the sedimentation 
coefficients of BSA. 



Theory 



For polymer solutions the sedimentation coefficient of 
component 2, S 2 , is defined as the ratio of the velocity of 
the particles of component 2 and the centrifugal 
acceleration. 



^2 



dr2/dt 

(ip-r2 



( 1 ) 



where Y 2 is the distance of component 2 from the axis of 
rotation and to is the angular velocity. 



The sedimentation coefficient S 2 describes the velocity 
of component 2 in a unit field and is usually measured in 
Svedberg units. Although the velocity of the particles of 
component 2 is only indirectly detectable, the average 
velocity of all particles can be measured in the following 
manner. 

In a sedimentation velocity experiment the centrifugal 
acceleration is so high that the diffusion of the particles 
can be neglected because sedimentation is much more 
rapid than diffusion; therefore, the solute will be 
depleted in the region of the meniscus and a boundary 
will be formed between the solvent and the solution 
phase. In the solution phase the so-called plateau region 
will be formed, where the polymer concentration does 
not depend on the distance from the axis of rotation r. 
The boundary moves towards the bottom of the cell with 
increasing time and can be detected directly using UV 
absorption or interference optics. The relations men- 
tioned above are presented schematically in Fig. 1. 

If Schlieren optics are used, the boundary region 
appears as a peak in the concentration gradient/distance 
curve and the position of the boundary can be detected 
as the maximum of the peak. 

Due to the sector shape of the cell the solution in the 
plateau region will be diluted with increasing time 
because of radial movement; therefore, the concentra- 
tion in the plateau zone can be described as a function of 
time [1, 2]. 

cp.2 = co,2exp(-2aj2520 > (2) 

where cp ^2 is the plateau concentration of component 2 
and co _2 is the initial concentration of component 2. 

From Eq. (2) the so-called square dilution rule can be 
derived; 

= f— , (3) 

VC0,2/ V''bnd/ 




Fig. 1 Schematical representation of the movement of a boundary 
versus the radial distance during a sedimentation velocity run 
observed with UV absorption optics at four different times 
{h<t2<h<U) 
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where r„i is the position of the meniscus vapour/solution 
and Tbnd is the position of the boundary solvent/solution. 

By means of Eq. (3) it is possible to eliminate the 
dilution effect for a sector-shaped cell during a run. 

The use of Eq. (1) yields an apparent sedimentation 
coefficient (^ 2 )app which depends on temperature, con- 
centration and pressure. 

The denominator of Eq. (1), dt, must be written as 
an integral of time dt due to the fact that the 
centrifuge needs some time to accelerate the rotor to the 
desired constant rotational speed [13]. 



(■^2)app 



In(rVrg) 
/o dt 



(4) 



where r* is the position of a specific point according to 
the different evaluation methods and rg is the position of 
the specific point at time t = 0. 

The pressure increases with the distance from the axis 
of rotation, r, and this dependence of fe)app can be 
eliminated using the following equation [1]: 



(■52)app 



^2 





(5) 



where is a parameter for the pressure effect. 

A plot of (52)app against (r*/rg)^ — 1 yields as the 
intercept the sedimentation coefficient of component 2, 
S 2 , which depends only on temperature and concentra- 
tion. 

According to Fujita [1] the concentration dependence 
of S 2 is eliminated by means of Eq. (6); 



^ = ^(1+A:sC2) (6) 

or the equivalent linearized form ^2 = “ ^sC 2 ), 

which usually yields good results for spherical particles. 

^2 is the sedimentation coefficient of component 2 at 
infinite dilution and can be derived by plotting 1/^2 
against the concentration C 2 . The factor is indepen- 
dent of concentration and yields further information 
about the particles. 

To compare the sedimentation coefficients deter- 
mined in different solvents and at different temperatures 
the sedimentation coefficient can be standardized to 
water as solvent at a standard temperature of, for 
example, 20 °C, by means of Eq. (7). This standardiza- 
tion takes differences in density and viscosity into 
account. The result is the standardized, concentration- 
independent sedimentation coefficient 520 * [1-3]. 

0 0 ^2^20, w) 

■^ 2 o.w— '^ 27 ; 7 77 7 I'l 

(1 - ^2P^,s) ('720, w) 

where E 2 is the partial specific volume of the solute, 
P 2 o,w is the density of water at 20 °C, is the density 
of the solvent at the measuring temperature ff, s is the 



viscosity of the solvent at the temperature ff and f/ 2 o,w is 
the viscosity of water at 20 °C. 

For the case where the boundary solvent/solution 
remains symmetrical with respect to the position of the 
maximum of the Schlieren curve during the run, the 
detection of the time-dependent movement of the 
boundary or the peak maximum is a sufficiently accurate 
tool to calculate the sedimentation coefficients of 
component 2 with Eq. (1). In this case it follows that 
r* = rbnd and rg = 

If the boundary solvent/solution is broadened and 
becomes asymmetrical during the run, the detection of 
the maximum of the gradient curve cannot be used for 
the determination of the average velocity of the particles. 

In this case the diffusion of the polymer molecules is 
no longer negligible and the sedimentation coefficient, ^ 2 , 
of the solute can be determined by calculation of the 
second moment of the gradient curve, introduced by 
Goldberg in 1953 [14]. 

The square root of the second moment of the 
gradient curves yields a position in the cell which can 
be described as a hypothetical infinitely sharp boundary. 

This boundary at ?2 moves with the same velocity as 
the molecules ahead and due to this the diffusion is 
mainly eliminated. 

The second moment can be calculated by the 
following equation [3, 14]: 

2 ^ X->^(dc 2 /dr)dr 
^ X-^(dc2/dr)dr 



where rp is a constant position in the plateau region and 
r^a is the position of the meniscus vapour/solution. 

Using an optical system which yields directly the 
mass concentration of the polymer, C 2 , (UV or interfer- 
ence optics), Eq. (8) can be written as [14] 




(9) 



By means of Eq. (8) it is possible to calculate the 
position of the infinitely sharp boundary f 2 - Substitution 
of r* and rg with the resulting time-dependent values of 
?2 in the Eqs. (4)-(6) then yields 5 ° according to the 
method of Goldberg. It is very important to mention 
that the reference system using the method of the peak 
maximum as well as the method due to Goldberg is the 
laboratory system. 

Another procedure which can be applied to sedimen- 
tation data of polymer solutions is the detection of the 
time-dependent movement of the local centre of mass of 
the polymer component as it was done in the past for 
thermo reversible gels [11]. In this case the reference 
system is the centre-of-mass system in contrast to the 
other evaluation methods mentioned previously. 

The movement of the local centre of mass is a clear 
measure of the mean movement of the molecules in 
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the solution with time; therefore, the definition of a 
sedimentation coefficient on this basis is possible. 

The position of the local centre of mass, i- 2 ,s, between 
the position of the meniscus vapour/solution, r^, and a 
constant position in the plateau region, rp, of component 
2 in a sector-shaped cell can be described as the ratio of 
the integrals of the masses dm 2 j of component 2, weighted 
with the distance from the axis of rotation and the mass of 
component 2 in the cell between v and rp [16]. 



Jr’ndni22 ,P’nc2,idVi 
/^dw2.; f^'‘c2,idVi 

' m 'm 



( 10 ) 



where 



dm2,i = C2,idVi , 



( 11 ) 



r, is the distance from the axis of rotation, rp is the 
constant position in the plateau region during a series of 
measuring times and r^ is the position of the meniscus 
vapour/solution. 

The volume d F, is a function of the height of the cell, 
h, r, and the half-sector angle, (j). The cell height does not 
depend on r,- and can be eliminated. The sector shape of 
the cell can be taken into consideration by means of a 
factor if = (sin (/)/0). Due to this, Eq. (10) can be 
rearranged to give [15] 



r2,s 



JZ C2,irj dn Sin0 

JZ C 2 ./r; dr,- 0 

>J fm ' 



( 12 ) 



By means of Eq. (12) it is possible to calculate the 
position of the local centre of mass r 2 ,s, if the mass 
concentration C 2 j as a function of r, is measured. 

The sedimentation coefficient 5° due to the centre-of- 
mass method is derived by means of Eqs. (4)-(6), and 
substituting r* and Tq with the corresponding values of 

>'2,S- 



Experimental 



For all experiments, we applied a Beckman Optima XL-I AUC 
equipped with UV/VIS absorption optics and an on-line Rayleigh 
interferometer. The experiments were performed at 50 000 rpm and 
25 °C in self-made titanium double-sector centrepieces. The 
scanning wavelengths were 230 and 280 nm. BSA (fraction V, 
initial fraction by heat shock, purity greater than 98%) was 
obtained from Sigma and was dissolved in an aqueous 0.5 N NaCl 
solution. 



Results 



centration. Therefore all calculations in this paper were 
directly carried out with the measured values of the 
absorption in absorption units (AU). 



General remark 

During the calculations of the sedimentation coefficients 
according to the three different evaluation methods 
mentioned in the Theory section it became apparent, 
that two different procedures are possible. The first one 
is to calculate 52 directly by means of Eqs. (4) and (5) 
using the measured values for r* and Tq, according to the 
corresponding method. The second one is to use 
interpolated values of r*. For that, r* was plotted 
against the run-time integral and a linear regression was 
carried out. The result was an equation which describes 
the time dependence of r*. By means of this equation the 
interpolated values, r*^j, were calculated and the sedi- 
mentation coefficients were also derived by use of these 
interpolated values. 

Figure 2 shows, for the case of the movement of the 
peak maximum, that the use of the interpolated values 
yields a dependence of (52)app on the corresponding 
values of {r* /r^Z ~ 1 with a relatively low scattering at 
low values of this function. 

An explanation for this can be derived by the use of a 
simple error propagation of Eqs. (4) and (5). The 
maximum error in (J 2 )app caused by the error Ar* is as 
follows; 

For Eq. (4) 

A(^2)app (l/r*)Ar* ; (13) 




,V 



CO 3- 

J 

>£* 

2 - 



H 



■ (Sj)^ cJerived from the measured values 
V (s,)^ derived from the interpolated values 



0-1 1 1 1 ■ 1 1 1 1 1 1 T” 

0,00 0,02 0,04 0,06 0,08 0,10 



0,12 0,14 0,16 



, j , r- fig- 2 Dependence of (.Gapp on (rbnd/O - 1 using the measured 

According to Beer S law the measured values of the and interpolated values of r* (moving of the peak maximum; 
absorption are directly proportional to the BSA con- cbsa= 1-5 g/1); see text 
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For Eq. (5) 

A(^2)app {r*)Ar* . (14) 

It results from this that it is better to carry out the 
interpolation of the measured values of r* and to 
calculate (52)app by means of the interpolated values, 
because then the influence of Ar* towards A(^ 2 )app can be 
minimized. Thus, all calculations were done with the 
interpolated values. 



Considerations of the dilution effect 

Usually the dilution effect can be eliminated by means of 
Eq. (3). For the samples with small BSA concentrations 
it was very difScult to detect the position of the peak 
maximum due to the noise of the measurements; 
therefore, the dilution effect was eliminated by means 
of the following procedure. First the time-dependent 
concentration in the plateau region was determined by 
calculating the mean value in this region. Then these 
value for cp ^2 were plotted against the run-time integral 
giving a nearly linear line (Fig. 3); therefore, a linear 
regression was carried out. The intercept of this function 
yields the initial BSA concentration directly. 

After that cq ,2 was divided by the values for cp, 2 - The 
result was a factor F for each time a measurement was 
performed. To eliminate the dilution effect, the concen- 
tration C 2 as a function of the distance r from the axis of 
rotation was multiplied by the F factors over the whole 
range of r, resulting in the conversion of Cp ^2 into Cq ,2 for 
each time. Table 1 shows the dependence of the resulting 
F factors on the run-time integral and Cp 2 for a 
concentration of 2 g/1. 




Fig. 3 Time-dependent dilution in the plateau region. cq ,2 = 1 -263 
absorption units (AU) 



Table 1 Time-dependent dilution in the plateau region. Cq, 2 = 1.263 
absorption units (AU) 



f co^d;/10’s 


G./AU 


F 


1.437 


1.2408 


1.01800 


2.984 


1.2278 


1.02878 


4.635 


1.2110 


1.04302 


6.28 


1.1900 


1.06145 


7.921 


1.1667 


1.08262 


9.56 


1.1444 


1.10378 


11.21 


1.1153 


1.13262 



A comparison between the application of the square 
dilution rule (Eq. 3) for concentrations of 2-0.5 g/1 and 
the procedure mentioned above showed that the devi- 
ations for different initial concentrations Cq ,2 calculated 
by both methods are in the range of about 0.5%, which 
is not explicitly shown in the table. For these concen- 
trations it was possible to detect the position of the peak 
maximum; therefore, Cq ,2 was derived for all samples by 
means of the time-dependent decrease in cp _2 and not by 
applying the square dilution rule. 

The sedimentation coefficients due to the three methods 

All calculations mentioned in this section were perform- 
ed for the measured curves as well as for the curves 
which were corrected for the dilution effect. The 
evaluation of the experimental data using the method 
of the movement of the peak maximum was quite 
difficult because of the presence of a bad signal-to-noise 
ratio (S/N). 

In all cases the measured absorption/distance curves 
were differentiated and the resulting derivations were 
treated with a smoothing procedure to improve the S/N 
ratio. The calculation of the sedimentation coefficient 
was only done for five BSA concentrations (2/1.75/1.5/1/ 
0.8 g/1). The lower concentration could not be evaluated 
by means of the peak-maximum method. 

In the cases of the Goldberg method and the centre- 
of-mass method the experimental curves were integrated 
directly by means of Eq. (9) (Goldberg) and Eq. (12) 
(centre of mass). Eor both methods all concentrations 
were used. The sedimentation coefficients, ^ 2 , according 
to a distinct method were calculated by means of Eqs. 
(4) and (5) for each concentration using the calculated 
values of r* and corresponding to the method used. 

The extrapolation of S 2 to the hypothetical BSA 
concentration, C 2 = 0 g/1, was done by means of Eq. (6). 
The results of this extrapolation due to all three methods 
are shown in Fig. 4. 5^0 w calculated for all three 
methods by means of Eq. (7). 

During the calculations it became apparent, that the 
correction of the experimental data, due to the dilution 
effect, has no influence on the resulting sedimentation 
coefficients S 2 and 5 ° for all three methods. 
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Fig. 4 Interpolation of the values of (1/^2) by means of Eq. ( 6 ) due to 
the different evaluation methods; see text 



Discussion 

The calculations have shown clearly for all three 
methods that the dilution effect does not have to be 
taken into consideration for these BSA solutions of a 
nearly monodisperse polymer because the resulting 
values for J 2 and 5 ° do not change. It was shown that 
it is possible to calculate the apparent sedimentation 
coefficients (^ 2 )app by means of two different procedures 
to eliminate the pressure-dependence. 

Table 2 comprises the results of the calculations due 
to the different evaluation methods. 

The differences between the sedimentation coeffi- 
cients due to the peak-maximum method and the 
Goldberg method are very small as it was expected for 
high-molar-mass native polymers. 

It is quite interesting that the differences between the 
Goldberg and the centre-of-mass method are rather 
large. It follows from the experimental results that the 



Table 2 Comparison of the sedimentation coefficients S2, .s® 
.?2o w due to the different evaluation methods 



Cj(m sJS sJS sJS ffexp 

(peak maximum) (Goldberg) (centre of mass) (see text) 



2 


4.33 


5.36 


2.39 


2.24 


1.75 


4.43 


4.99 


2.19 


2.28 


1.5 


4.33 


4.95 


2.13 


2.32 


1 


4.40 


4.75 


1.99 


2.38 


0.8 


4.45 


4.71 


1.80 


2.62 


0.5 




4.46 


1.78 


2.50 


0 


4.48 


4.30 


1.63 


2.63 


■ 520 , w/‘^ 


4.40 


4.22 


1.60 


2.64 



sedimentation coefficient, calculated by means of the 
Goldberg method, is proportional to the values derived 
from the centre-of-mass procedure. 

52 (Goldberg) = ^exp ‘52 (centre of mass) , (15) 

where Ag^p is a factor due to the change in the reference 
system. 

From the calculations can be determined to be 
4 =25 

-^exp — '■ 

This means that changes in the reference system will 
produce these large changes in S 2 - In the case of the 
method of Goldberg and that of the peak maximum the 
reference system which has to be taken into consider- 
ation is the laboratory system, and in the case of the 
other method it is the centre-of-mass system. 

To explain this relation we first assume a rectangular 
measuring cell with a constant concentration cp _2 
between positions and rp at time ti. After a time At 
the boundary at r,i has moved to r, 2 - Due to the shape of 
the cell, the concentration in the plateau region does not 
change during this time interval. 

The position of the local centre of mass, f 2 ,s, at times 
ti and (ti + At) can be derived using the following 
equations: 

t, ^ rp-rn 

r2,s[ti)^rp — , (16) 



r2.s(ti + At) = rp - . (17) 

The movement of the centre of mass, Ar 2 ,s, during the 
time interval At can be calculated by means of Eqs. (16) 
and (17); 

Ar2,s = r2,s(ti + At) - r2,s(ti) 

^\ira - rn) = \Ar . 



Due to the procedure of Goldberg, r^i and rt 2 can be 
assigned to the positions of the infinitely sharp boundary 
with respect to time. Therefore, Eq. (18) shows for a 
rectangular measuring cell that if the boundary moves a 
distance Ar towards the bottom of the cell in the time 
interval At, the centre of mass will move only a distance 
(Ar/2). In this case the sedimentation coefficient, calcu- 
lated by means of the method of Goldberg, would be 
twice as much as the value derived from the centre-of- 
mass method because the slope for the time-dependent 
movement of r is directly proportional to S 2 (see Eq. 1). 

The same assumptions can be applied to a sector- 
shaped measuring cell. In this case the local centre of 
mass in such a cell with a constant plateau concentration 
Cp 2 is defined by Eq. (19) [15]: 



^2.S = X 



2rp 



3 




sin (f) 



(19) 



where r is the position of r,i or r ,2 (see Eig. 5) and (j) is 
the half-sector angle in radian. 
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Fig. 5 Schematic concentration/distance relation for an infinitely 
sharp boundary in a rectangular/sector-shaped cell; see text 



Plots of the values of with respect to r (with 
constant rp) in the range in which r and rp are usually 
measured (6. 1-7.0 cm) are shown in Fig. 6. In this range 
the plots can be fitted to a very good approximation by 
means of linear equations. 

The use of these equations yields the dependence 
between r 2 ,s and r for the case of a sector-shaped cell and 
a constant plateau concentration: 

r2,s^Cr + B , ( 20 ) 

where C=/(rp) and B=f(rp). 

The differentiation of Eq. (20) with respect to time 
(with constant rp) yields 

As already mentioned, r can be assigned to the position 
of the Goldberg boundary; therefore, Eqs. (20) and (21) 




Fig. 6 Dependence of the position of the local centre of mass r 2 _s, 
versus the position of the Goldberg boundary due to Eq. (19) 



can be used to determine the relation between the 
sedimentation coefficients due to the Goldberg and 
centre-of-mass method 



52 (centre of mass) = 



(dr2,s/dt),._, 

oj2r2,s 



C{df2/dt)^^ 
(o^{Cf2 + B) 



(22) 



52 (Goldberg) = 



{Cf2+B) 

Cf2 



52 (centre of mass) 



= ^theo ‘?2 (centre of mass) , 



(23) 



where 

^theo ^/(rp,f2) ^ . (24) 

dr 2 

By means of Eq. (23) the relation between the sedimen- 
tation coefficients based on the two methods can be 
derived. Due to the fact that the pressure dependence of 
the sedimentation coefficients for both methods was 
eliminated by extrapolation to the position of the 
meniscus of the vapour/solution, r„i, (Eq. 5), this 
position must be used to calculate Atheo- 



ritheo — y'(^P5 ^m) 



(Cr^+B) 

Crm 



(25) 



Equation (25) was used to calculate Ttheo for the values 
of rp which were used to derive the sedimentation 
coefficient due to the different methods, with the 
experimentally determined positions of r^: 

rp = 6.8cm Ttheo = 2.13 
rp = 6.9cm Ttheo = 2.16 
rp = 7.0 cm Ttheo = 2.18 . 

The results show that the dependence of ^theo on 
changes in rp is rather small (^2%) and therefore this 
dependence can be neglected. 

The same result is obtained if Eq. (19) is developed 
into a geometrical series. These theoretical calculations 
showed clearly that the differences between 52 or 5 ° due 
to the different evaluation methods are caused only by 
the choice of the reference systems; therefore, it is 
possible to convert the values derived by means of a 
distinct method into each other. 

The difference between the calculated values for ^exp 
and the theoretically determined value of ^theo = 2.16 
are in the range of about 15%. 

To prove the theoretically determined relation, we 
also calculated the sedimentation coefficient, based on 
the centre-of-mass method, by means of Eq. (19) for 
four concentrations with the previously determined 
values of f 2 and cp, 2 - 

The resulting values for 52 and due to the 

different methods are given in Table 3. 

Table 3 shows that the resulting values for A^^^ 
correspond very well to the theoretically derived values, 
if the local centre of mass is calculated by means of 
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Table 3 Comparison of ,?2 and due to the Goldberg and the 
centre-of-mass methods, calculated by means of Eq. (19) 



C2/(g/l) 


silS 

(Goldberg) 


^theo*.S2/S 

(centre of mass) 


A* 

exp 


2 


5.36 


5.06 


2.16 


1.5 


4.95 


4.71 


2.15 


1 


4.75 


4.53 


2.14 


0.5 


4.46 


4.24 


2.15 



Table 4 Comparison of the factors between the sedimentation 

coefficients due to the Goldberg and the centre-of-mass method, for 
the simulated sedimentation velocity data 


Parameters 


Claverie simulation 
a 


Claverie simulation 
b 


^2/S 


5 


5 


£>/(10^^ cm^/s) 


7 


1 


C0.2/AU 


1.0 


1.0 


Speed/rpm 


50000 


50 000 


ru/cm 


7.2 


7.2 


'm/cm 


6.0 


6.0 


rrc 


20 


20 


4 ■ 

-^sim 


2.30 


2.25 



Eq. (19). The differences between and are in 
the range of about 1%. 

Furthermore we performed Claverie simulations by 
means of the Svedberg (version 5.01) program to 
simulate sedimentation velocity data of a monodisperse 
polymer for two different sets of parameters, which are 
given in Table 4. Details of this program are given in 
the literature [16, 17]. The idea was to confirm the 
theoretically derived relation between the sedimen- 
tation coefficients due to the different evaluation 
methods. 

For these sets of parameters the theoretical factor 
yftheo can be calculated by means of Eq. (25). For = 
6.0 cm and Vp = 6.9 cm one obtains ^theo = 2.20. 



The sedimentation coefficients of these simulated data 
due to the Goldberg method and the centre-of-mass 
method were calculated by means of the previously 
mentioned equations; a factor A^im between these values 
for S 2 was calculated. 

Table 4 shows that corresponds well to the 

theoretically determined value for ^theo- The differences 
are in the range of about 4%. 



Conclusions 

The results of this research show that it is possible to 
apply the centre-of-mass method to sedimentation 
velocity data of polymer solutions. The differences 
between the theoretically derived relations and the 
experimental results are in the range of about 15% 
and must be assigned to two effects: 

1. Diffusion during a run and by this the broadening of 
the boundary solvent/solution 

2. Noise in the measurements. 

Due to this, the application to polymer solutions is 
limited at the moment. 

The relations, derived from the simulated data, are in 
good agreement with the theoretical relation. In the 
future we want to determine the influences of these two 
effects on the sedimentation coefficients using more sets 
of simulated sedimentation velocity data. For this case 
the deviations of the sedimentation coefficients accord- 
ing to the centre-of-mass method between the experi- 
mentally determined and the theoretically derived values 
can be used to obtain information about the poly- 
dispersivity of the solute. 
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Abstract Small nanoparticies in the 
diameter range 5-100 nm are used in 
large quantities for very different 
applications. A precise determina- 
tion of the important physical 
quantities which are responsible for 
the application properties such as 
diameter, particle size distribution, 
density, and (specific) surface area is 
therefore essential. Analytical ultra- 
centrifugation is one of the best 
methods for the characterization of 
such nanoparticies as they are frac- 
tionated in the analytical uitracen- 
trifuge cell during sedimentation. 
This paper presents the theoretical 
foundations for the determination of 
the physical quantities of nanopar- 
ticies with special consideration of 



the diffusion effect with respect to 
the particle size distribution mea- 
surements in the analytical ultra- 
centrifuge. Besides several 
extrapolation procedures a new 
method for the correction of the 
sedimentation coefficient and its 
distribution is presented. Several 
examples demonstrate that the sug- 
gested diffusion-broadening correc- 
tion procedures work. The 
procedure which gives the best val- 
ues depends on the particular nano- 
particle. 

Key words Analytical ultracentrifu- 
gation • Particle size distribution • 
Nanoparticies • Diffusion correc- 
tion • Theoretical consideration 



Introduction 

Nanoparticies are colloidal materials with diameters 
from 5 to 100 nm, mostly dispersed in water. They are 
produced in large quantities for very different applica- 
tions such as lacquers, dyes, cosmetics, food, magnetic 
storage materials (tapes, disks, hard disks), catalysts, 
and print materials (toners, inks). The development of 
new nanoparticies and the modification of available 
nanoparticies with new application properties needs 
considerable scientific effort. Important physical quan- 
tities of nanoparticies are the diameter, d, the mass, m, 
the molar mass, M, the volume, V, the density, p = mj 
V=MjV^ (Fni = molar volume), the specific volume, 
v=l/p, the surface area, O, the specific surface 
area, o = Olm, the differential mass and number distri- 
bution, w(d) and x(d), and the integral mass and number 



distribution, W(d) and X(d), of the physical quantities 
mentioned above, especially the particle size distribution 
(PSD). Nanoparticies usually have a spherical structure; 
therefore, the relationships between the physical quan- 
tities are easy; V = nd^l6, O = nd^, m = nd^plb, and 
M = Nj^nd^plf). For catalysts the (specific) surface of 
the material is an important quantity and kinetics 
studies of the production of nanoparticies need number 
distributions of the physical quantities instead of mass 
distributions. The most reliable experimental methods 
for the characterization of nanoparticies are analytical 
ultracentrifugation (AUC) and dynamic light scattering. 
AUC has the advantage that the particles are fraction- 
ated during sedimentation, therefore, different sizes of 
the particles may be detected with high precision, i.e., 
the complete particle size distribution at high resolution. 
During this sedimentation the diffusion of the particles 
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plays no important role if the particle diameter is larger 
than 50 nm; however, if the particles are smaller one has 
to consider the diffusion-broadening of the sedimenting 
nanoparticles’ boundary if one wishes to get a correct 
AUC-PSD. The measurement of the PSD via AUC 
without diffusion-broadening correction is a well-estab- 
lished method [1]. 

This paper demonstrates the techniques for the 
determination of the physical quantities of nanoparticles 
using AUC with a Schlieren (or interference) optics 
detector and introduces a new diffusion-broadening 
correction method for very small nanoparticles. 



Theoretical considerations 



The basis to estimate PSDs with an AUC is first to 
measure the distribution of the sedimentation coefficient, 
S, of the nanoparticle inside an AUC cell. Then, this S 
distribution is transformed into the particle diameter 
distribution (equivalent to the PSD) using the well- 
known Stokes’ law [1]; 

= [18f7i5'/(p2 - 5*= (l/co^)dlnr/dt , (1) 

where rji is the viscosity of the solvent, S is the 
sedimentation coefficient, p 2 is the density of the particle. 
Pi is the density of the solvent (dispersing agent), 
CO = 2nN is the angular frequency of the rotor, r is the 
distance from the axis of rotation, and t is the running 
time. The differential distribution function of the 
sedimentation coefficient g(5',i,Co) and the integral 
distribution function G(S,t,Co) 

g{S,t,co) ^ dG{S,t,co)/dS and G{S,t,co) ^c(r,t)/co , 

( 2 ) 



with concentration c(r,t) at distance r and time t and 
initial concentration, cq, may then be calculated accord- 
ing to Bridgman [2] 

rt' 

gf(5',t,Co) = (l/co)[0c(r,t)/0r](r/rm)^r / a? dt (3) 

Jo 

or to Stafford [3] 



g{S,t,co) ^ {l/co)[8c{r,t)/dt](r/rraft [ o? dt/ln(rm/r) 

Jo 

( 4 ) 

using the measured (often with Schlieren optics) con- 
centration distribution, c{r,t), of the nanoparticles inside 
the ultracentrifuge cell as functions of running time, t, 
and cell radius, r. The height of the Schlieren peak curve 
at radius position r is directly proportional to (0c/0r),. 
Use of the AUC calibration constant and integration of 
the Schlieren peak curve yields the complete concentra- 
tion distribution c(r, t)/cQ. Equations (3) and (4) include 
the dilution rule for sector-shaped cells, c/cq = 



For the experimental determination of the PSD of 
very small particles of < 50 nm in an AUC it has to 
be taken into account that sedimentation and diffusion 
of the particles superimpose. That means, the broaden- 
ing of the sedimenting (free) particle boundary is not 
only due to a broad PSD, but also to a diffusion 
movement of the particles perpendicular to this boun- 
dary. This additional diffusion-broadening becomes 
stronger the smaller the particles are. To calculate the 
PSD either both effects need to be separated or the PSD 
needs to be calculated from combined sedimentation- 
diffusion equations. This may be done in three different 
ways to take into account the diffusion; 

1. Extrapolation procedures. All kinds of running 
time extrapolation procedures [3-7] take into consider- 
ation the fact that the sedimentation of a particle is 
proportional to the running time (see Eq. 1), whereas the 
diffusion is proportional to the square root of the time. 

That means extrapolation to t at infinity yields pure 
sedimentation and extrapolation to t at zero yields pure 
diffusion. The correct form of the differential distribu- 
tion function of S without diffusion-broadening, g(5',Co), 
or its integral function G(5',Co) could be derived by 
investigating the asymptotic behaviour of the boundary- 
spreading equation [4] for values of times reaching 
infinity. All extrapolation procedures give true values of 
S together with its integral or differential distributions. 
From this the diameter of the particle with its distribu- 
tion and all other physical quantities may be calculated. 

2. Application of Eamm’s equation. The problem has 
been solved only with respect to monodisperse particles 
[4, 8]. Therefore this method is up to now not applicable 
to very polydisperse particles. 

3. Correction procedure (new). This means correc- 
tion of the apparent sedimentation coefficient distribu- 
tion with respect to an average diffusion coefficient. As 
far as we know, this procedure, which we propose in this 
paper, has not been applied up to now. 

Finally for all three ways it is known that the diameter, 
d, and its differential and integral distribution functions, 
w{d) and W{d), may be calculated according to Eq. (1) 
and the measured S distributions 

W{d) = G{S) and w{d)dd = g{S)dS . (5) 

In the following we describe only two ways, the 
extrapolation procedures and the new correction proce- 
dure, in more detail. We do not apply Eamm’s equation 
because it fails for polydisperse particles. 



Extrapolation procedures to infinite running time 

The theory of Costing [5] extrapolates (via Schlieren 
optics) the measured apparent differential distribution 
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of S, g(S,t,Co), at specified values of 5” to l/t ^ 0. His 
results read 



at several running times are needed for extrapola- 
tion. 



g{S,t,co) = g{S,co) 

D 1 — exp(— 25'cu^t) 1 cfg{S, t, cq) 
ISoj^t t dS^ 



( 6 ) 



where D is the (average) diffusion coefficient of the 
nanoparticles. The derivation was made under the 
condition 2So}^t<^\. For small values of ISm^t 
{ISoP't <Q.\) the factor [1 — exp(— 25'(u^t)]/(25'ffl^t) 
reaches unity. Equation (6) may then be simplified to 



g{S,t,co) = g{S,co) + 



D 



ld^g{S,t,co) 
t dS^ 



( 7 ) 



Under these conditions there may be an intermediate 
range of running times where plots of g(S,t,Co) or 
G(S,t,Co) or 5"app versus 1/t or l/t'/^ should be linear and 
the diffusion-broadening corrected g(S,Co) or G(5,Cq) 
could be obtained by extrapolating g(S,t,co) or G(S,t,Co) 
to l/t = 0 at specified values of S (Costing, Fujita) [9] or 
by extrapolating 5app versus 1/r (Gralen-Lagermalm- 
Fujita) or 1/t^'*^ (Holde-Weischet) at specified values of 
G(5,t,Co). 



Correction of the apparent sedimentation coefficient 
distribution with respect to the diffusion coefficient 
(new method) 



A similar equation to Eq. (7) was derived by Fujita [4] 
with respect to the integral distribution G(S,cq) instead 
of the differential distribution 



G{S, t, Co) = G{S, Co) + 



D \d^G{S,t,co) 
t dS^ 



( 8 ) 



Gralen and Eagermalm [6] suggest plotting the Schlieren 
or interference optically measured apparent sedimenta- 
tion coefficient, Gapp, versus l/t at specified values of the 
integral distribution G(S,t,Co)- Extrapolation of ^app to 
l/t ^ 0 yields S and G{S,cq). The theoretical background 
to this procedure was given by Fujita [4]. 

van Holde and Weischet [7] demonstrated theoreti- 
cally and practically with several examples that it would 
be better to plot 5app versus 1/t*'^^ at specified values of 
G(S,t,Co). Their result reads [7] 

D */2 2 

S,po=S jerr\l-2G{S,t,co)]r^^^ , (9) 

where erf“\x) is the inverse error function with 
erf(x) = (2 /ti'/^) Jq exp(— 5^)d.s and erf“^[erf(x)] = x. 
The examples of van Holde and Weischet show that even 
at considerably short running times the plot ^app = 
/(1/t*'^^) gives straight lines which extrapolate well. 

The two theories of Gralen-Lagermalm-Fujita and 
van Holde-Weischet are similar as they extrapolate the 
apparent sedimentation coefficient 5"app, at specified 
values of the integral distribution of S, G(S,t,Co) to 
l/t ^ 0 and to l/t'"^^ ^ 0, respectively. 

Equations (7)-(9) hold under the following precon- 
ditions; 



1. The factor D/{co‘^r^) must be sufficiently small and 
the PSD (and so the diffusion coefficient distribution) 
is not very broad. 

2. The running time must be large enough for extrap- 
olation but is not allowed to increase indefinitely. 

3. Several experimental Schlieren curves, (dc/dr), = 
/(r), or interference optically measured c(r, t) = f(r) 



In the case where the PSD (and that also means the S 
distribution) is not very broad and the sedimentation of 
the particles dominates the diffusion, we propose a new 
diffusion-broadening correction method. The basic idea 
is first to measure the apparent S distribution. From this 
we calculate the average sedimentation coefficient, S. In 
the case of monomodal distributions the peak maximum 
of the distribution curve should be prefered for S, 
whereas for multimodal distributions (e.g., the distribu- 
tion has several peaks) it would be better to use the 
median of the S distribution for S. Then we transform S 
with Eq. (1) into an average diameter, d. We then use 
the well-known Stokes-Einstein relation 



D = kT / {'inyiyd) , 



( 10 ) 



where k is the Boltzmann constant, T is the temperature, 
and f]x is the viscosity of the solvent, and calculate the 
average diffusion coefficient, D, of the nanoparticles 
under investigation. Using D we then calculate the 
diffusion-broadening of the sedimentation boundary of 
hypothetical monodisperse nanoparticles with the diam- 
eter d using the well-known diffusion equations [10] 



c(r,t)/co = (l/2)|l - erf (r- rm)/(4Dt)'/^ } (H) 



or 



(8c/Sr)^/co = [l/(47iDt)] exp -(r- rm)7(4Dt) . (12) 



We subtract this diffusion-broadening from the mea- 
sured apparent c{r,t) or (0c/0r)^ curves, or the G(S,t,Co) 
or g(S,t,Co) distributions to get G(S,Co) or g(S,Co). 

All extrapolation procedures and the new diffusion 
correction procedure are less accurate for broad and 
multimodal distributions. The reason is that both 
methods rely on an average diffusion coefficient. This 
difficulty could be partly overcome by choosing the rotor 
speed of the AUC to be as high as possible; this 
procedure would minimize the diffusion effect in com- 
parison to the sedimentation effect. 
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Normally the sedimentation and diffusion of spher- 
ical nanoparticles are concentration-independent under 
usual measuring conditions, cq < 20 g/1, and therefore 

giS)=g(S,Co). 



Results and discussion 

The measurements were performed with a model E AUC 
with Schlieren optics (Beckman Instruments, Palo Alto). 
The evaluations of the Schlieren photographs were done 
with a comparator, a digital graphics table, and a 
computer. 

The characterization of nanoparticles requires the 
whole distribution curve. For nanoparticles it would be 
better to use mass-distribution-based p quantiles (pref- 
erably deciles) instead of number average, mass average, 
and z average d values. The reason is that they are more 
stable against outliers. In Figs. (l)-(3) the following 
p quantiles and range parameter are used: 

dio= 0.1 quantile = 1st decile 

d^o= 0.5 quantile = 5th decile = median 

dgo= 0.9 quantile = 9th decile 

(^90 - dio)ldiQ= normalized interdecile range 

The new diffusion-broadening correction procedure 
proposed is demonstrated and tested with a strong 
monodisperse, well-defined, sphere-shaped nanoparti- 
cle sample, the turnip yellow mosaic virus (TYMV; 
see electron microscopy [EFMI] photograph, Fig. la 
with an EFMI diameter of dELivii = 29 nm) in a 
buffer solution. Electron microscopy, light scattering 
and X-ray scattering yields a diameter of 25-29 nm 
[11]. Sedimentation measurements yield S ~ 110 Sv 
and (using Stokes’ law, Eq. 1) d = 20 nm [10]. 
Calculation of the unhydrated TYMV sphere yields 
22.2 nm [12]. The reason for the differences in 
diameter is that TYMV is hydrated; therefore, the 
density of the solute p 2 becomes smaller and the 
diameter larger. As is seen in Fig. lb the original 
Schlieren curve was corrected according to the 
dilution rule for sector-shaped cells. The mean 
diffusion coefBcient, was determined in the 

following way: the maximum value of {dc/dr)^ allows 
5'max and d„ax to be determined according to Eq. (1) 
and Tijnax according to Eq. (10). The measurements 
on the TYMV particles show a sedimentation coeffi- 
cient of Vinax^ 117.3 Sv. Using Stokes’ law and the 
known unhydrated particle density, p 2 =\.S\ g/cm^, a 
diameter of <i„,ax = 20.3 nm is calculated. The diffusion 
curve for Z)niax = 2.13 x 10^^ cm^/g was calculated 
according to Eq. (12) and then subtracted at specified 
values of (6c/0r), from the dilution-corrected Schlie- 
ren curve. The solid line in Fig. lb represents the 
dilution- and diffusion-corrected Schlieren curve. The 
calculated diffusion curve in Fig. lb is nearly identical 





Fig. la-d Turnip yellow mosaic virus (TYMV) in buffer; cq = 0.7 g/1; 
Pi = 0.997 g/cm^; p 2 = 1.36 g/cirf; r/i = 0.01003 g/(cm s); 
N = 12,000 min a Electron microscopy photograph and model 

structure, b Schlieren optics curve at r = 70 min: original curve ( ); 

correction for dilution ( ); diffusion curve ( ); correction for 

dilution and diffusion ( ). c Particle size distribution, correction 

method: without diffusion correction ( ); with diffusion correction 

( ). d Particle size distribution, extrapolation method: distribution 

curves at times t = 50, 70, 90, 110 min ( ) extrapolated distribution 

for 1/r — > 0 ( ) (Eq. 7) 
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I 1 100 nm 





0 10 20 30 40 BO 60 

d d/nm 



◄ 

Fig. 2a-d Polystyrene latex in water; co = 3.015 g/1; pi = 0.997 g/cm^; 
P 2 = 1-055 g/cm^; (ji =0.00891 g/(cm s); A^=25,000 min“'. a Electron 
microscopy photograph, b Schlieren optics curve at ? = 45 min: 

original curve ( ); correction for dilution ( ); diffusion curve 

( ); correction for dilution and diffusion ( ). c Particle size 

distribution, correction method: without diffusion correction ( ); 

with diffusion correction ( ). d Particle size distribution, extrap- 

olation method: distribution curves at times / = 15, 20, 25, 30, 35, 40, 

45, 50, 55, 60 min ( ); extrapolated distribution for 1// — > 0 ( ) 

(Eq. 7) 



with the dilution-corrected Schlieren curve and so the 
subtraction results naturally in a nearly vertical line 
with respect to the dilution- and diffusion-corrected 
curve, as expected for monodisperse nanoparticles. 
Therefore, the corrected normalized interdecile range 
is 0.0 as it should be. This is strong proof that our 
proposed diffusion-broadening correction works. 

The corrected sedimentation coefficient distribution 
and the diameter distribution (equivalent to the PSD) 
function may then be calculated according to Eqs. (1)- 
(5). The calculated PSD functions are shown in 
Fig. Ic; the dashed lines are the uncorrected curves 
and the solid lines the dilution- and diffusion-corrected 
ones. The solid lines in Fig. Id represent the PSD 
curves at running times t = 50, 70, 90, and 110 min 
and the dashed curves the extrapolated differential and 
integral PSD at a running time l// = 0. The extrapo- 
lation was done according to the extrapolation 
procedure of Costing [5, 9]. The new correction 
procedure is compared with the extrapolation proce- 
dure of Costing in Table 1. This comparison shows 
that our correction method is better, i.e., closer to the 
true PSD. 

The next nanoparticle example shows no monodis- 
perse particles, instead it shows the normal case, a 
broadly distributed, small polystyrene latex in water 
with a diameter of approximately 30 nm, as demon- 
strated by the ELMI photograph of this polystyrene 
latex (Fig. 2a). Figure 2b demonstrates that the influ- 
ence of diffusion on the broadening of the Schlieren 
curve of this 30-nm latex is much smaller than the 
influence of the diameter distribution of the particle. 
This is the normal case as the rotor speed and the 
density difference of the solute and the solvent should 
be adjusted in such a way that the sedimentation of the 
particle overwhelms the diffusion. Figure 2c and Ta- 
ble 1 show that the proposed new correction procedure 
and the extrapolation procedure of Costing [5], 
Fig. 2d, yield nearly the same results and that the 
calculated interdecile range, - dio)jclsQ, exhibits 
only small differences with respect to the new diffusion 
correction method and to Costing’s extrapolation 
method. The reason for the differences may be that 
both methods are approximations: Costing’s extrapo- 
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a I 1 100 nm 






Fig. 3a-d Colloidal silica in water; co = 6.61 g/1; pi = 0.997 g/cm^; 
P2 = 23(fl g/cm^; f/i =0.00891 g/(cm s); N = 26,000 min“'. a Electron 
microscopy photograph and Schlieren photograph at t = 14 min. 

b Schlieren optics curve at /= 14 min: original curve ( ); correction 

for dilution ( ); diffusion curve ( ); correction for dilution and 

diffusion ( ). c Particle size distribution, correction method: 

without diffusion correction ( ); with diffusion correction ( ). 

d Particle size distribution, extrapolation method: distribution curves 

at times t = 1,9, 10, 12, 14 min ( ); extrapolated distribution for 

1/t^O ( )(Eq. 7) 



Table 1 Comparison of the calculated particle size distribution 
with the correction method and the extrapolation method 



Average values 


Uncorrected 


Corrected 


Extrapolated 






(new method) 


(1/r ^ 0) (Costing) 


Turnip yellow mosaic virus 






dio/nm 


19.2 


20.3 


19.85 


dsolnm 


20.4 


20.35 


20.6 


dgo/nm 


21.6 


20.5 


21.45 


(rfgo - dio)/dso 


0.11 


0.00 


0.07 


Polystyrene latex 






dio/nm 


22.0 


24.3 


23.7 


dsolnm 


32.2 


32.3 


33.1 


dgo/nm 


41.8 


40.6 


41.5 


(dgo - dio)/dso 


0.61 


0.50 


0.53 


Colloidal silica 








dio/nm 


10.35 


10.85 


11. 15 


dso/nm 


14.0 


14.0 


14.4 


dgo/nm 


16.75 


16.45 


I6.85 


(dgo ~ dio)/dso 


0.45 


0.39 


0.39 



lation method and our diffusion-broadening correction 
method use an average value of the diffusion coeffi- 
cient, D, and Costing’s extrapolation method is 
additionally only applicable within a restricted running 
time window [4]. 

This 30-nm latex example demonstrates that the 
diffusion-corrected, i.e., “true”, particle size distribution 
of very small nanoparticles is considerably narrower 
than the uncorrected ‘wrong’ distribution. 

Figure 3 and Table 1 show that the diffusion- 
broadening correction procedure is also applicable for 
multimodal nanoparticle size distribution functions. 
The particle investigated is colloidal silica (see ELMI 
photograph. Fig. 3a with an ELMI average diameter of 
<^ELMi ~ 15 nm and a particle density of p 2 = 2.367 
g/cm^). On the right-hand side of Fig. 3a an original 
Schlieren photograph at t = 14 min is shown. Original 
and the corrected Schlieren curves of this SiOi sample 
are shown in Fig. 3b. The calculated PSDs using our 
diffusion-broadening correction method are shown in 
Fig. 3c and those using Costing’s [5] extrapolation 
method are shown in Fig. 3d. Both methods yield 
nearly the same corrected PSDs. The evaluations in 
Fig. 3 demonstrate that the AUC in conjunction with 
sophisticated evaluation techniques is able to detect 
multimodal PSDs in this very small nanoparticle size 
range. 



Conclusions 

This paper demonstrates that the AUC-PSD method 
only gives precise PSDs in the range d<50 nm if the 
diffusion-broadening is corrected. Among the extrapo- 
lation methods discussed Costing’s method gives the 
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best values when a Schlieren optics detector is used. Our 
correction procedure is equivalent to the extrapolation 
method but is easy to handle as only one experimental 
curve at one running time is needed. In the case of very 
small PSDs our dilfusion-broadening correction proce- 



dure gives better results than the extrapolation proce- 
dures (see TYMV example, Fig. 1). 
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Abstract In this paper, a method is 
presented which efficiently separates 
diffusion-boundary-broadening 
from polydispersity in sedimentation 
velocity experiments. This can be 
achieved by the already well-known 
extrapolation of the apparent sedi- 
mentation coefficient distributions 
acquired at different times to infinite 
time to remove the effect of diffu- 
sion. The so-derived diffusion- 
corrected sedimentation coefficient 
distribution (SCD) is then subtract- 
ed from each experimental scan in 
the sedimentation coefficient domain 
to yield the boundary-broadening 
exclusively by diffusion in the radial 
domain. By this means, experimen- 
tal scans are transferred into a 
pseudo synthetic boundary experi- 
ment - the classical experiment for 
the determination of diffusion coef- 
ficients - and can be evaluated by 
the various, already well established 
methods for synthetic boundary 
experiments. In principle, even 
diffusion coefficient distributions are 
accessible. The advantages of the 



method presented are 

1. That any imperfections in the 
layering process of synthetic boun- 
dary experiments resulting in zero- 
time corrections are avoided. 

2. That even extremely large parti- 
cles such as micelles or vesicles 
which would sediment in any syn- 
thetic boundary experiment can be 
investigated in terms of diffusion 
coefficient distributions. 

3. One single experiment yields the 
sedimentation coefficient distribu- 
tion and the corresponding pseudo 
synthetic boundary experiment 
(diffusion coefficient distribution). 

4. The combination of sedimentation 
and diffusion coefficient distribu- 
tions from one experiment can, in 
principle, yield the density or molar 
mass distribution, both of which are 
important quantities especially for 
highly complex mixtures. 

Key words Sedimentation velocity • 
Polydispersity • Diffusion • 
Sedimentation coefficient distribu- 
tion • Boundary-broadening 



Introduction 

Due to fractionation capabilities, sedimentation velocity 
experiments in the analytical ultracentrifuge are the 
method of choice for the investigation especially of 
polydisperse samples; however, the determination of 
sedimentation coefficient distributions is complicated by 
diffusion-broadening which leads to a narrowing of the 



apparent sedimentation coefficient distribution with 
time. As sedimentation proceeds with time but diffusion 
only with the square root of time, extrapolation of the 
apparent sedimentation coefficient distribntions to infi- 
nite time yields the sedimentation coefficient distribution 
corrected for diffusion effects. Several classical proce- 
dures are available for this purpose, namely those of 
Baldwin and Williams [1, 2], Gralen and Lagermalm [3], 
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the van Holde/Weischet method [4] or Fujita’s linear 
extrapolation to 1/t = 0 [5]. Nevertheless, very often 
one is also interested in the diffusion coefficient as a 
complimentary physicochemical quantity or even better 
its distribution. There are some more advantageous 
methods than analytical ultracentrifugation (AUC) for 
the determination of diffusion coefficients (dynamic light 
scattering) [6] or diffusion coefficient distributions (flow- 
field flow fractionation) [7]. However, although these 
methods are faster and more convenient than AUC, it is 
highly desirable to gain as much information as possible 
from one experiment as it is well known that the 
combination of quantities from different methods might 
bear a high error potential. One example is the 
determination of the molar mass via the Svedberg 
equation [8] especially for polydisperse systems. 

On the other hand, the systems of interest in polymer 
and colloid science are becoming increasingly complex, 
thus requiring a fractionating method which can yield as 
much information on each species as possible. The 
multidetector ultracentrifuge presented as science fiction 
in 1991 [9] would be one step in this direction - the other 
principal step, however, would be to extract as much 
information as possible from one experiment. Here it is 
especially advantageous that, in principle, sedimentation 
velocity experiments yield information about the sedi- 
mentation coefficient as a quantity dependent on molar 
mass/size and density as well as on the diffusion 
coefficient as a quantity only dependent on molar 
mass/size. Combining these quantities from one exper- 
iment could yield the density and the molar mass of the 
sample. Thus, it would be possible to derive the 
following quantities from only a single sedimentation 
velocity experiment: 

1. Sedimentation coefficient distribution 

2. Diffusion coefficient distribution 

3. Molar mass distribution 

4. Density distribution 

Therefore, spending effort on the determination of the 
diffusion coefficient distribution from sedimentation 
velocity experiments appears promising because this is 
the key towards the density distribution and the molar 
mass distribution from AUC velocity experiments via 
the combination of sedimentation and diffusion coeffi- 
cient distributions. The first steps towards this goal have 
already been made, but only for average values and not 
distributions [5, 8, 10, 11]. Furthermore, for polydisperse 
systems the diffusion coefficient from sedimentation 
velocity experiments is usually found to be too high 
due to the fact that polydispersity is not separated from 
diffusion and, thus, the boundary-spreading due to 
polydispersity is added to that of diffusion when 
calculating the diffusion coefficient. More recent ap- 
proaches apply fitting of sedimentation velocity profiles 
to approximate solutions of the Lamm equation [12], 



but despite their merits for mono- or paucidisperse 
systems, these approaches also do not yet see the light at 
the end of the tunnel when dealing with polydispersity 
[13-17]. Other new approaches work with correction of 
the sedimentation coefficient distribution for diffusion 
with an estimate for the diffusion coefficient [18]. 
However, no method has yet been presented which is 
in principle able to extract the diffusion coefficient 
distribution from a sedimentation velocity experiment 
simultaneously to the sedimentation coefficient distribu- 
tion. This paper is a first step towards this goal by 
transforming conventional sedimentation velocity pro- 
files into pseudo synthetic boundary concentration 
profiles. 



Theory 



The classical van Holde/Weischet method [4] is one 
possibility for deriving a diffusion-corrected sedimenta- 
tion coefficient distribution (SCD). This is done by 
selecting a fixed number of data points in equal 
concentration intervals from the normalized experimen- 
tal scans corrected for radial dilution and transformed 
into the SCD. 

If these data sets are acquired for experimental scans 
taken at different runtimes, they can be plotted as the 
apparent sedimentation coefficients, versus the in- 
verse root of the runtime yielding the typical van Holde/ 
Weischet plot (Fig. 1). 

Subsequently, slices of data with the same concen- 
tration value are selected and extrapolated to infinite 
time. The diffusion-corrected SCD is derived by linear 
extrapolation to the zero inverse root of the runtime. 
Equation (1) gives the mathematical description of the 
extrapolation: 



^ V t 



( 1 ) 




Fig. 1 Typical vanHolde/Weischet plot of a sedimentation velocity 
experiment with a monodisperse system 






46 



where D is the diffusion coefficient, oj the anguiar 
veiocity, the radius of the meniscus, w the relative 
concentration and t the runtime. is the inverse 
Gaussian error function. 

In the classical van Holde/Weischet approach, D is 
calculated from the slopes of the regression lines and 
plotted as a function of the corresponding relative 
concentration, w. The result should be a diffusion 
coefficient distribution, but the singularity at w = 0.5 
where the inverse Gaussian error function is not defined 
causes the center of the boundary to be not evaluable 
(Fig. 2a). About one-third of the data must be disre- 
garded to obtain a good mean value that is unfortu- 
nately based on the outer regions of the boundary that 
are not perfectly described by the Gaussian error 
function [4]. We therefore suggest, alternatively, a global 
fit to the slopes of the van Holde/Weischet plot with D 
as a fit parameter, thus avoiding the problem of the 
singularity at vr = 0.5, regarding all data, but obtaining 
only a mean value for D. In this paper we will refer to 
this approach as the modified van Holde/Weischef 
method. The difference between the classical and the 
modified van Holde/Weischet method is shown in 
Fig. 2. 





Fig. 2 a) Classical van Holde/Weischet evaluation of the diffusion 
coefficient for a simulated datafile {D = 2.0 x 10“^ cm^/s) yielding 
D = 2.20 X 10^’ cm^/s and b) modified van Holde/Weischet method 
with fit of the slopes of the van Holde/Weischet plot with D as a 
floating parameter yielding D = 1.87 x 10“’ cm’/s 



The greater reliability of D by the modified van 
Holde/Weischet method becomes obvious. Whereas the 
mean value obtained by the classical approach depends 
greatly on the number of datapoints disregarded around 
w = 0.5, the fit does not suffer from the singularity at 
this value. Since both calculations are based on the same 
model, this is the only difference and the fit results are 
not more precise than those obtained with the classical 
method. 

Nevertheless, this evaluation procedure can be signif- 
icantly improved if the extrapolated SCD at infinite 
runtime from the van Holde/Weischet analysis is subtr- 
acted from the SCD for each experimental scan. The 
remaining width of the distribution now only reflects the 
boundary-broadening due to diffusion. Integrating these 
distributions and transforming them back into the cell 
radius domain yields a data set characteristic of a 
synthetic boundary experiment (Fig. 3). 

These data can now be treated like those derived from 
a conventional synthetic boundary experiment; there- 
fore, we call this method the “pseudo synthetic boun- 
dary” experiment. The data in Fig. 3 contain, in 
principle, information about the diffusion coefficienf 
distribution; however, methods to derive diffusion 
coefficienf distribufions from synthetic boundary exper- 
iments have not yet been established and are the subject 
of current investigations. 

It must be stressed that other methods for correcting 
SCDs for the effect of diffusion can be applied as well. 
Which extrapolation method to infinite time is best 
suited for polydisperse systems is beyond the scope of 
the present paper. 



Materials and methods 

Simulated data were created using both Borries Demeler’s Ultra- 
scan II, version 3.0 for UNIX software and Svedberg by John 




relative cell radius [cm] 

Fig. 3 Pseudo synthetic boundary scans for a monodisperse species 
generated by subtraction of the diffusion corrected SCD from the 
SCDs corresponding to each experimental scan 
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Philo. Data files were simulated for a monodisperse system with 
s = lOOS, Z) = 2x 10^^ cm^/s. A poly disperse system was creat- 
ed to be similar to the real systems investigated: the mean values 
were = 82.6 S, D = 0.98 x 10^^ cm^/s. A polydispersity of 
10% was simulated by overlaying 11 datasets in a Gaussian 
concentration ratio. 

For real data, we investigated a 64-nm polystyrene latex with a 
polydispersity of approximately 10% in aqueous dispersion as a 
model system for hard-sphere particles. 

Measurements were carried out in a Beckman Optima XL-A/ 
XL-I analytical ultracentrifuge at 5000 rpm and 25 °C using the 
on-line Rayleigh interferometer. The accessible detection range was 
limited by the detection systems. The concentration of the latex 
ranged between 2 and 9 g/1. 

A correction for was applied by extrapolation of l/.s„,app 
versus concentration. For the latex as a hard sphere, however, the 
correction is marginal as expected and was finally omitted. All data 
were corrected for radial dilution. Further corrections were not 
applied. 

The diffusion coefficient was derived using the following 
methods: 

1. Evaluation of the boundary-spreading via Gaussian fits to raw 
data and the SCD and calculation of the diffusion coefficient 
from the squared standard deviation of the Gaussian fits [19]. 

2. Evaluation of D as described in the original paper by van Holde 
and Weischet [4]. 

3. Evaluation of D via the error function fit for the van Holde/ 
Weischet analysis (see Theory). 

4. Pseudo synthetic boundary experiment and evaluation via the 
method of Chervenka [20]. 

5. Pseudo synthetic boundary experiment and evaluation via the 
method described by Ralston [21]. 



Results and discussion 

Simulated data 

The new approach for the separation of boundary- 
spreading from polydispersity and diffusion (pseudo 
synthetic boundary experiment) was first tested for a set 
of simulated datafiles for a monodisperse and a poly- 
disperse species (see Materials and methods). The results 
are presented in Table 1. 

These results clearly show that D is overestimated for 
polydisperse systems by the classical evaluation of 
boundary-spreading via Gaussian fits. The evaluation 
of D by the classical and the improved van Holde/ 
Weischet method, on the other hand, yields too low D 
values. Although all datapoints were used in the 
modified van Holde/Weischet evaluation yielding a safer 
estimate of D, its value is still too low. 

Pseudo synthetic boundary experiments, however, 
clearly yield the best result, especially for polydisperse 



systems, regardless of whether they are analyzed by the 
Chervenka or the Ralston method. Furthermore, it is 
interesting to note that the plots of the squared 
boundary-spreading versus time almost pass through 
the origin indicating that zero-time corrections are not 
necessary for pseudo synthetic boundary experiments. 
This is important as in conventional synthetic boundary 
experiments, layering imperfections make these correc- 
tions necessary while D multiplied with the zero-time 
correction should be less than 10“"^ cm^ to get valid 
results [22]. Nevertheless, the plots even for simulated 
monodisperse samples do not show an exact linear 
dependence but a parabolic one (Fig. 4). Theory would 
predict the plots to be linear, the slope being the 0.275 
fold of D [20] or the 4n fold, respectively. 

The reason for this is not yet clear. Although fitting 
the monodisperse data to a parabola instead of a 
regression line yields the exact diffusion coefficient of 
2 X 10”^ cm^/s regardless of whether it is evaluated by 
the Chervenka or the Ralston method, the same does 
not work for the polydisperse system. Here, the regres- 
sion lines yield the best result (Table 1). As most 
practical systems exhibit polydispersity, we will therefore 
keep the linear regression until the reason for the 
bending of the squared boundary-spreading versus 
runtime can be clarified theoretically. 




Fig. 4 Pseudo synthetic boundary experiment for the simulated 
monodisperse single species dataset evaluated with the Chervenka 
method [20] and the method described by Ralston [21]. The parabolic 
curve becomes evident 



Table 1 Results from various methods for the evaluation of the diffusion coefficient for simulated mono- and polydisperse systems 





Theoretical 


Gaussian 


van Holde/Weischet 


van Holde/Weischet 


Pseudo synthetic 


Pseudo synthetic 




result 


fits 


classical 


modified 


boundary Chervenka 


boundary Ralston 


Monodisperse 


2.00 


2.27 


1.91 


1.89 


2.20 


2.22 


Polydisperse 


0.98 


2.99 


0.77 


0.73 


0.96 


0.89 
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Fig. 5 Evaluation of D at 25 °C from a sedimentation velocity 
experiment with a polystyrene latex (rf = 64 ± 6 nm, 
D = 0.77 X 10^^ cm^/s) 

Polystyrene latex as a monodisperse hard sphere 

As a next test for the various methods, the diffusion 
coefficient was evaluated for a 64 ± 6-nm polystyrene 
latex (data derived by dynamic light scattering) as a 
relatively well-defined real system. The results are 
displayed in Fig. 5. 

Here, it becomes obvious that the classical analysis of 
boundary-broadening by Gaussian fits again yields 
systematically too high diffusion coefficients, resulting 
from the fact that the boundary-broadening due to 
diffusion is not separated from that due to polydisper- 
sity. On the other hand, evaluation of the same data set 
by the classical van Holde/Weischet method yields 
systematically too low values for an unknown reason. 
The pseudo synthetic boundary experiment, however, 
yields a satisfactory result if the average value is 
considered. Nevertheless, the error is quite high and is 
clearly evident in Fig. 5. 



Conclusions and outlook 

It was demonstrated that normal sedimentation velocity 
profiles can be converted into a pseudo synthetic 
boundary experiment by subtraction of the diffusion- 



corrected SCD from the SCD corresponding to each 
experimental scan. This exclusively yields the contribu- 
tion of diffusion to boundary-broadening. The pseudo 
synthetic boundary experiment can then be evaluated by 
the classical methods available. Big advantages of this 
method compared to classical synthetic boundary ex- 
periments are that any imperfections in the layering 
process resulting in zero-time corrections are avoided 
and that furthermore even very large samples sediment- 
ing at low speeds can be investigated; however, a 
drawback of the method is the high data quality 
required. 

Although the method suggested relies on the correct 
determination of the diffusion-corrected SCD, which can 
be a problem for polydisperse and nonideal systems by 
means of the van Holde/Weischet analysis, this is not a 
principal weakness of the pseudo synthetic boundary 
experiment. Other, more suitable procedures for the 
determination of the diffusion-corrected SCD of poly- 
disperse or nonideal systems may be found which are 
beyond the scope of the present paper. 

The method suggested is well suited to yield correct 
diffusion coefficients even in the case of polydispersity. 
Also, it accounts much better for concentration depen- 
dencies of the sedimentation coefficient. However, one of 
the biggest advantages of the pseudo synthetic boundary 
experiment is seen in the fact that the diffusion 
coefficient distribution is, in principle, accessible in 
analogy to a real synthetic boundary experiment. This 
is a first step towards the determination of this 
practically important distribution which in combination 
with the SCD can then yield density and molar mass 
distributions from only a single sedimentation velocity 
experiment. This would be a most valuable tool for the 
investigation of very complex colloidal and polymeric 
systems. 
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Abstract The solvent density varia- 
tion method has proved useful for 
the simultaneous determination of 
the partial specific volume of bio- 
polymers and the molar mass/hy- 
drodynamic size, applying small 
sample quantities in the microgram 
range. For this purpose, the equi- 
librium method suggested by 
Schachman turned out to be best. If 
more-complex multicomponent or 
impure systems need to be charac- 
terized, fractionating sedimentation 
velocity experiments are better suit- 
ed. Problems may occur if the 
sedimenting boundaries show exten- 
sive diffusion-broadening. There- 
fore, an exfra term has been 
introduced into the underlying 
equation taking diffusion-broaden- 
ing into account. This improved 
solvent density variation method for 
sedimentation velocity experiments 
is able to analyse not only mono- 
disperse samples but furthermore 
multimodal or polydisperse samples 
both with or without significant 



diffusion-broadening. Even if the 
boundary shows only one apparent 
step for a bimodal mixture due to 
diffusion-broadening, the improved 
method is well able to resolve the 
density as well as the hydrodynamic 
radii of both species. This method 
has been tested on a number of 
simulated data files as well as on an 
impure apoferrifin preparafion. The 
partial specific volume for apoferri- 
tin was in good agreement with 
literature data as well as the protein 
hydration if the shape is provided. 
This result suggests that the solvent 
density variation method is a fast 
and convenient method for the de- 
termination of the partial specific 
volume, the frictional coefficient and 
thus protein hydration exclusively 
from sedimentation velocity experi- 
ments. 

Key words Sedimentation velocity • 
Density variation method • Partial 
specific volume • Complex mixfures • 
Protein hydration 



Introduction 

In order to convert a sedimentation coefficient distribu- 
tion (SCD) into a particle size distribution (PSD) or 
molar mass distribution, the density of the solute is 
required. The conversion of multimodal distributions or 
SCDs of polydisperse species with varying density 
presents significant problems, especially if the density 
of the solute is unknown. A strategy for handling this 
problem was suggested in the 1950s for sedimentation 
velocity [1-5] and later by Edelstein and Schachman [6] 



for sedimentation equilibrium. The first approaches 
applied several sedimentation velocity experiments in 
solvents of differing densifies so fhat the zero-buoyancy 
point could be determined. The newer approach [6] 
consists of the combination of two measurements in 
chemically similar solvents of different densities (e.g. 
H 2 O and D 2 O) to obtain a set of two equations with two 
unknowns for each radial position in the ultracentrifuge 
cell; thus, both the density and the particle size can be 
obtained. Schachman gives several advantages for 
applying the equilibrium method [6]; 
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1. All problems connected with transport processes are 
eliminated, such as possible differences in frictional 
ratios in the different solvents, the influence of 
temperature and of solvent viscosity. 

2. Smaller sample amounts are required. 

3. The problem of determining sedimentation coeffi- 
cients of potentially very small particles with sufficient 
precision is avoided. 

These arguments are certainly valid for many pure 
biological single-component systems. Temperature in- 
fluences are now only of minor importance with the 
modern generation of XL-I ultracentrifuges. 

Sedimentation velocity, however, offers the benefit of 
a dispersive measurement which is especially convenient 
for mixtures or when impurities are present. The 
transport properties derived from the same experiment 
can be used for further evaluations as shown in the last 
section of this paper. 

The sedimentation velocity approach has been refined 
and has proved to be a powerful characterization 
technique in industrial product control and other 
applications [7, 8]. 

Combination of corresponding sedimentation coeffi- 
cients in the two solvents and S 2 (^i and ^2 correspond 
to the same concentration) will lead to the following 
expressions for the density, pp, and the diameter, dp, of 



this species [7, 8]; 




SiY]^P2- S2n2P\ 


(1) 


Pp — 


sith -sim 




(2) 


^ V P\- P2 



where p\,p 2 and t]i,tj 2 are the densities and viscosities of 
the solvents. These equations are valid only for hard- 
sphere particles. Swollen particles require modifications 
[9]. Extended evaluations have been derived for polymer 
coils, proteins and micelles (exhibiting excess properties) 
and will be described in a forthcoming paper. Here, we 
will focus on the influence of diffusion on the evaluation 
of solvent density variation experiments. 

An interesting application of the solvent density 
variation method is the determination of the partial 
specific volume, v, the sedimentation coefficient and the 
molar mass for proteins and other biological systems 
which are often available only in small quantities but 
which cannot be reasonably purified or which are 
present as multispecies systems (heterologous interacting 
systems, etc.). 

The conventional determination of v, however, 
requires large sample amounts if carried out by macro- 
scopic density measurements such as in a density 
oscillation tube [10]. Furthermore, this method can only 
give an average v as no sample fractionation takes place. 



An increment method for theoretical calculation of v 
from the amino acid composition of proteins has been 
developed by Perkins [11], but this approach is not 
applicable for proteins of unknown composition or for 
systems forming heterologous complexes with other 
compounds or undergoing structural changes under the 
conditions of interest. For such problems, especially 
when investigating complex systems, the density varia- 
tion method for sedimentation velocity is the method of 
choice; however, diffusion-broadening of the sediment- 
ing boundary is a significant error source making the 
application of the density variation method impossible if 
this effect is considerable. This paper describes an 
extension of the basic equation (Eq. 1) correcting for 
diffusion-broadening, thus making the method suitable 
for more systems of practical interest. The method is 
demonstrated for simulated data and for real data on the 
protein apoferritin. 



Theory 



Van Holde and Weischet [12] have suggested the 
following equation as a first approximation to describe 
the displacement of the sedimentation coefficient, 5, from 
the apparent sedimentation coefficient, where w is a 
value between 0 and 1 describing the normalized 
concentration for the 5 value in question 

is the meniscus position, m the angular velocity of the 
rotor, t the runtime for the scan of interest and (x) 
the inverse Gaussian error function. The latter repre- 
sents the shape of the sedimentation boundary; spread- 
ing increases towards the plateaus. 

We have applied this approach to reduce the 
influence of diffusion on the evaluation of the results 
of solvent density variation experiments; this is demon- 
strated with simulated data. 

The correction can be performed by transforming 
both SCDs using Eq. (3) before applying Eq. (1). We 
have found it more convenient to introduce the correc- 
tion into Eq. (1), thus obtaining the following extended 
expression for the particle density; 

^ _ SlfhP2 - S2t]2Pl + {n\P2 - niPx) g / .X 

Pp I / \ ’ W/ 

S\th -S 2 th + [fh 
with (7 defined as 



2Vd 

fmO? 



0-'(l -2w) 



1 

Vt ■ 



( 5 ) 



Here D must be estimated, whereas can be taken from 
the experimental scans. It should be noted that a does 
not need to be equal for the two measurements 
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compared; provided that the scans were taken simulta- 
neously, D and v might still be different. It will be 
shown, however, that a rough estimate for both 
parameters provides satisfactory results and so a does 
not need to be separated into ui and <72 contributions. 
For the sake of a simpler expression, this form has been 
given. If data was acquired by independent runs, 
however, the separation of a is necessary. 



Materials and methods 

Simulated data were produced using Ultrascan II, version 3.0 for 
UNIX, by Borries Demeler. Sedimentation and diffusion coeffi- 
cients were chosen to resemble the natural protein ovalbumin and 
are compared to the values found from experiment in the following 
section. These data were simulated with and without a contribution 
from diffusion. In addition, a second species with s and D values 
close to those in the monodisperse distribution was added in a 
50:50 concentration ratio. 

Real data were acquired using horse spleen apoferritin pur- 
chased from Sigma without further purification. Dialysis against 
buffer, normally a common procedure, was avoided in order to 
keep any impurities. Measurements were carried out at 25 °C in 
1 M NaCl solution. For water an angular velocity of 30 000 rpm 
was applied; for D 2 O 40 000 rpm. The Rayleigh interferometer was 
applied simultaneously to the UV/VIS absorption optics scanning 
at 280 nm. 



Results and discussion 

Simulated density variation experiments 

Bimodal system without boundary-broadening 
by dijfusion 

The capability of the improved solvent density variation 
method to resolve two species very similar in size and 
density is demonstrated in Fig. 1. For these data, no 
diffusion-broadening was added. The values were 
selected such that the smaller species sediments more 
rapidly than the larger species to show that this unusual 
behaviour presents no difficulties to our program. As 



this case is more complicated than the straightforward 
monodisperse system without diffusion, we do not 
explicitly treat the latter system here. 

As in all subsequent plots the left figure shows the 
integral sedimentation coefficient distributions where the 
right, solid line always represents the measurement in 
the solvent of lower density. In the right plot the density 
distribution is plotted in circles (right axis) and the 
integral (dashed line, left axis) and differential (solid 
line) distributions as a function of the particle size. The 
dotted line indicates density values extrapolated in order 
to obtain a complete particle size axis. This extrapola- 
tion is rather arbitrary since the integral distributions 
have nearly reached the upper and lower plateaus, 
respectively, and so these particle densities and sizes are 
barely populated. For the particle density distribution, 
only the large symbols are relevant, as only these are 
densities populated. 

For this simulation, the same parameters were used 
as in a later example given in Table 1, with the exception 
that no diffusion was added. The evaluation yields the 
correct results to the third decimal digit although the 
peaks for both species in the PSD were not baseline- 
resolved. 



Monomodal system with boundary-broadening 
by dijfusion 

Evaluated without dijfusion correction. For particles with 
sizes below 10 nm, diffusion-broadening becomes signi- 
ficant even for high rotor speeds. This affects the shape 
of the sedimentation boundaries such that the resulting 
particle density distribution is broadened. The uncor- 
rected evaluation is shown in Fig. 2. 

The density value in the centre of the distribution is 
in poor agreement with the expected value (1.381 g/ml 
found, 1.343 g/ml given). Furthermore, the density 
increases throughout the distribution from 1.25 to 
1.5 g/ml, which is clearly unacceptable for a simulated 
data file. 



Fig. 1 Evaluation results for a 
bimodal mixture (simulated 
data). This data contains no 
diffusion-broadening 
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Fig. 2 Evaluation results for a 
monodisperse system (simu- 
lated data). Diffusion-broaden- 
ing results in an incorrect 
density distribution 





dp [nm] 



Evaluated with dijfusion correction. The result of the 
evaluation with consideration of diffusion effects is 
shown in Fig. 3. Here, the particle density is found to be 
1.349 g/ml, in good agreement with the given value. 

To completely eliminate the diffusion contribution 
from the evaluation, a correction similar to Eq. (4) 
would have to be applied to the determination of particle 
sizes which creates the x-axis of Fig. 3. Since these are 
data for a monodisperse system, however, such a 
correction would cause the integral distribution to 
collapse into a single point. For this reason, diffusion 
correction was omitted for particle sizes, and the 
Gaussian distribution reflects not polydispersity, but 
diffusion-broadening. The centre of the distribution, 
however, is correct. The same is valid for all following 
examples. 

The procedure described is quite robust with respect 
to the assumed diffusion coeflflcient. An initial guess of 
the correct order of magnitude will provide a good mean 
value for the particle density. The particle density 
distribution will be more or less broadened, but the 
effect is relatively small. 

The resulting particle density distributions corre- 
sponding to that shown in Fig. 3 for several estimates of 
D are given in Fig. 4. 

It should be noted again that Eq. (4) does not take 
into account the fact that the diffusion coefficients are 



not identical for both solvents. Since usually H 2 O 
(^25 “c ^ Q gg ^^25 °c ^ j Qg serve as 

the two solvents for the solvent density variation method 
an error of 18 % is transferred to the diffusion 
coefficient. Figure 4 shows that a wrong estimate for D 
of this magnitude can be neglected. Nevertheless, the 
true D (and thus a) should be used since this is no 
problem, and different r^, co and t values may make this 
separation necessary as well. 

A bigger problem may exist in the application of the 
same D for correction of multiple species. Figure 4 
suggests that a constant diffusion coefficient can be a 
reasonable assumption since the van Holde extrapola- 
tion itself and the rough guess for the diffusion 
coefficient introduce by far larger errors that do not 
seriously affect the density results. 



Bimodal system with boundary-broadening by dijfusion 

The method described in the previous section was also 
applied to a simulated sedimentation velocity experi- 
ment with the same mixture of two species, this time 
taking the diffusion coefficients into account. Whereas 
the evaluation without diffusion correction yields incor- 
rect density values as already observed for the mono- 
modal case, the evaluation with diffusion correction 



Fig. 3 Evaluation of the same 
data as in Fig. 2. This time, 
diffusion effects are accounted 
for and the density is nearly 
constant. The particle size axis 
is not corrected for diffusion 
(see text) 
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Fig. 4 Particle density distributions reflecting diffusion effects for 
several estimates of D. Too high estimates would yield analogous curves 

works satisfactorily. The parameters are given in 
Table 1; the plot is shown in Fig. 5. 

In the raw data in the left plot, diffusion-broadening 
causes the two steps in the SCD to be imperceptible 
(cf. Fig. 1). This is an extreme situation where most of 
the conventional analysis techniques would suggest a 
one-component system with diffusion-broadening. Our 
algorithm, however, clearly separates the two species 
and yields the input diameters and densities with high 
precision. 

The integral shape in the right plot appears somewhat 
distorted, especially when compared to the same data in 
Fig. 1 where there was no contribution from diffusion. 
The reason for this artifact is due to the fact that the 
sedimentation boundaries of the two species overlap due 
to boundary-spreading. Although the contributions 
from the two species are separated, rearrangement of 
the contributions with increasing particle size can 



produce some artifacts. In our evaluation, we therefore 
included intermediate plots (not shown) before rear- 
ranging the particle size axis. In this manner, the mean 
particle size of each species can be determined with 
much higher reliability. 

Apoferritin 

To test the evaluation method for real systems, apofer- 
ritin was selected as an impure biopolymer. The raw 
data reveal a low-molecular-weight impurity that espe- 
cially appears in absorption optics. Although the 
impurity does not present a problem, interference data 
were more reliable because of a better signal-to-noise 
ratio. The SCDs derived from both detection systems are 
displayed on the left-hand side in Fig. 6. The right plot 
shows the effect of significant diffusion-broadening for 
the differential distributions obtained from interference 
optics, resulting in a sharpening of the SCDs with time. 

The results show that the impurity does not present 
any difficulties to our evaluation method. In this 
particular case, this is also due to the fact that the 
impurity sediments more slowly and that the distribu- 
tions are well separated. The resulting plot is given in 
Fig. 7. 

The value of v found from the absorption data is 
0.727 ml/g; that from the interference data is 0.733 ml/g. 
Other valuable information besides v can also be derived 
from the solvent density variation sedimentation veloc- 
ity experiment. Since hydration water affects the fric- 
tional coefficient in the Svedberg equation, the frictional 
ratio will differ from unity although the particle is 
spherical. On the other hand, the Perrin function [13] 



Table 1 Given parameters and 
evaluation results for the bi- 
modal, diffusion-broadened 
system in Fig. 5. The index 20, w 
refers to water at 20 °C 





Given 






,ti (S) 


52 (S) 


Found 








P (g/ml) 


d (nm) 


■O 20 .W (10 ’ cm^/s) 






P (g/ml) 


d (nm) 


■O 20 .W (10 ’ cm^/s) 


Species 1 


1.343 


5.39 


6.69 


3.55 


2.45 


1.340 


5.57 


6.59 


Species 2 


1.214 


6.29 


5.75 


3.00 


1.50 


1.203 


6.30 


5.83 



Fig. 5 Evaluation results for a 
bimodal system exhibiting dif- 
fusion-broadening. Diffusion 
effects hide the step in the 
sedimentation coefficient distri- 
bution on the left, but the 
species are well separated by the 
evaluation (on the right) 










55 



Fig. 6 a Raw data for apofer- 
ritin in H 2 O and in D 2 O re- 
vealing some low molecular 
impurities and b diffusion- 
broadening after calculation of 
g(s) from the D 2 O data 





that takes hydration into account will have a value of 
unity. Thus, calculating the frictional ratio as 

/ ^ /dT (1 - vpo) \ J 4 tiNa 

/o \^A^a 6nt]oS%^^ J \l 3fM 

and inserting the result into the Perrin function 




(7) 



will yield the protein hydration, For the molecular 
mass, we used a published value of 440000 g/mol [14]. 
The results are summarized in Table 2. 



The hydration as well as v is in good agreement with 
independently derived results [15]. The theoretical pre- 
diction from the amino acid sequence is much higher as 
it implies a monomolecular coverage of the protein, 
which is not correct as apoferritin is a hollow sphere 
assembled of 24 dimeric subunits. As the water 
entrapped in the cavity does not contribute to the 
frictional behaviour of apoferritin as found by Byron 
[15], the experimentally determined hydration can only 
be that on the outer surface of apoferritin rather than 
the theoretically predicted hydration for monomolecu- 
lar coverage. The same was stated by Byron [15] for 
the difference between experimental and modelled 
parameters. 



Table 2 Hydration of apoferritin by combination of v with the 
sedimentation coefficient and an independently derived molar mass 
in comparison to independent results and theoretical calculations 





•S'20,w 

(S) 


(ml/g) 


Hydration 

(%) 


Measured 


19.0 


0.733 


21 


Bead model + small-angle 
neutron scattering -H analytical 
ultracentrifugation [15] 


18.3 


0.728 


20 


Theoretical from amino acid 
composition [11] 




0.736 


41 



Conclusions and outlook 

It could be shown that modification of the basic 
equation for the solvent density variation method taking 
diffusion into account extends the possibilities of 
sedimentation velocity experiments. Now, density dis- 
tributions of biopolymers can be simultaneously aquired 
from PSDs and molar mass distributions using fast 
sedimentation velocity experiments even with complex 
mixtures with considerable diffusion-broadening of the 
sedimenting boundary. As only microgram sample 
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amounts are required, the sedimentation velocity meth- 
od is recommended for all biopolymers which 

- Cannot be purified or are complex mixtures. 

- Degrade rapidly so no sedimentation equilibrium run 
can be performed with sufficient precision. 

- Need to be checked simultaneously for sample 
homogeneity. 

For all pure and monodisperse systems, the equilibrium 
method suggested by Edelstein and Schachman [6] 
remains the method of choice due to its higher precision 
for these systems. 

Nevertheless, sedimentation velocity experiments 
have the further advantage that they provide the 



sedimentation coefficient as a quantity dependent on 
friction. With the simultaneous determination of v, 
hydrodynamic quantities such as the (otherwise difficult 
to access) hydration become available. Together with 
new evaluation methods for a more precise diffusion 
coefficient from sedimentation velocity experiments [16] 
this paper is a step towards a fast characterization of 
complex mixtures by multiple physicochemical quanti- 
ties. 
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Abstract Standard analytical ultra- 
centrifugation is able to generate a 
significant hydrostatic pressure at 
the bottom of a spinning cell. In 
effect, a pressure gradient is created 
along its axis which, at maximum 
angular speeds, can reach nearly 
50 MPa (around 500 atm). This 
pressure is high enough to alter the 
properties of some specially sensitive 
biological systems. Although this 
phenomenon can lead to important 



mistakes if the possible effects of 
hydrostatic pressure are not duly 
considered, it is possible to study the 
effect of the moderately high pres- 
sures generated in uitracentrifuga- 
tion on biological systems of 
interest, such as macromolecular 
complexes or protein assemblies. 

Key words Hydrostatic pressure • 
Uitracentrifugation • Protein 
denaturation 



Introduction 

When a standard analytical uitracentrifugation cell is 
spun at high speed significant hydrostatic pressure is 
developed with a gradient that is a function of the radial 
position in the cell and which is a maximum at the 
bottom of the cell. This effect was observed and used by 
some researchers more than 20 years ago [f-6]. Many 
other studies report the observation of pressure effects 
when biological systems are submitted to centrifugal 
forces [7-11]. 

In the author’s opinion, the potential of uitracentrif- 
ugation for the study of macromolecules under hydro- 
static pressure has not been fully exploited. Newer and 
more precise measuring instruments with higher resolu- 
tion data will be able to extend the applicability of this 
technique. Additionally, the possible effects of pressure 
should not be neglected, or mistakes are likely to be 
made with the precise interpretation of analytical 
uitracentrifugation data. Here simple mathematical 
modelling with Mathlab (MathlabWorks) will help to 
introduce, or rather, revisit the subject. 



The generation of pressure 

The increase in hydrostatic pressure arises from two 
combined factors. One is the development of a centri- 
fugal acceleration gradient that increases with increasing 
radius relative to the different points in the uitracentrif- 
ugation cell from the meniscus to the bottom of the cell. 
The second factor is the increase in the height of the 
solution column exerting its pressure above a given 
radial point of the cell. So, neglecting all other possible 
modulating factors such as the variation of the density 
of the solution in different regions (due both to the 
compressibility of the solution and to the migration of 
the solute to the bottom of the cell) as the sedimentation 
process progresses, the dependence of hydrostatic pres- 
sure on cell radius is described by Eq. (1). 

P ^ o}^p{roh + h^/2) (1) 

where P is the pressure (above atmospheric pressure), 
CO the angular velocity, p the density of the fluid column, 
Vq the radial distance from the axis of rotation to the 
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Fig. 1 Calculated variation of hydrostatic pressure with radius and 
rotational speed. Experimental parameters: p = 1 g/ml, = 1 cm, 
cell length = 14 mm 

meniscus, and h the radial position in the cell: the liquid 
column height.' 

The shape of the relationship between hydrostatic 
pressure and radius is shown in Fig. 1. The data 
approximately correspond to a standard ultracentrifu- 
gation cell: a radial distance at the meniscus of 7 cm and 
a cell length of 14 mm. The maximum speed practically 
achievable in an ultracentrifuge lies around 60,000 rpm. 
A solution of density 1 g/ml gives a gradient from 1 atm 
to nearly 450 atm at the bottom of the cell.^ 

The changes in the pressure gradient with rotational 
speed can also be seen in Fig. 1. An obvious way to 
check if hydrostatic pressure is having any role in the 
behaviour of the sample is to change the rotational 
speed, whereby the effects of pressure will disappear in 
an experiment at lower speed. 

Other methods to increase the pressure obtained or to 
modify its distribution can be applied or at least 
conceived. For example, the pressure gradient affecting 
the solution will begin at higher levels if an inert oil 
column is placed on top of the solution. The variation of 
the pressure obtained with the height of a column of inert 
oil (Fig. 2) can also be used to check the effect of 
pressure, and to distinguish between the latter and the 
effects of sedimentation time. 



' Eq. (1) is equivalent to Eq. (1) of Ref. [4] or to Eq. (3) of Ref. [6]. 
The parameter h was introduced to give a more intuitive view of the 
differential pressure effect as related to the position inside the cell 

^In preparative ultracentrifugation, i.e. zonal ultracentrifugation, 
where the radius is more than twice that considered here and where 
the liquid column height is between 4 to 8 times that of an 
analytical cell, one could expect a pressure 10-20-fold reported 
here. Consequently the effects of pressure would be much more 
noticeable; however, these effects would have to be studied after the 
centrifugation experiment had been stopped as no optical system is 
available for studies during the run 




Fig. 2 Calculated variation of the pressure obtained with the height 
of an overlaid column of inert oil of density = 0.85 g/ml. Experi- 
mental parameters: co = 60,000 rpm, p = 1 g/ml, = 1 cm, cell 
length = 14 mm 




Fig. 3 Calculated variation of pressure with the radial position at the 
meniscus, r„. Experimental parameters: tu = 60,000 rpm, p = 1 g/ml, 
cell length = 42 mm (a cell 3 times longer than a standard one) 

In Fig. 3 it is shown that if the radial position of the 
cell can be altered (using different rotors or a single one 
with several possible radial positions), the test can be 
achieved at a fixed speed. This figure also shows how 
pressure can be increased by the development of special 
cells with longer columns. 

Also density-increasing agents can be employed, 
although care has to be taken not to alter the properties 
of the sample by these cosolutes. The variation of the 
pressure with the density of the solution is shown in 
Fig. 4. If D 2 O or nonsedimenting additives are em- 
ployed, these density and pressure distributions will be 
stable. Sedimenting solutes, such as sucrose, will soon 
migrate and create a density gradient with a more 
complex pressure distribution. 
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Fig. 4 Calculated variation of pressure with solution density. 
Experimental parameters: w = 60,000 rpm, = 1 cm, cell 

length = 14 mm 




Fig. 5 Simulation of the distribution along the cell length of the 
concentration of native and denatured forms of an imaginary protein 
submitted to ultracentrifugation. The protein is assumed to suffer a 
two-state denaturation process whose equilibrium is ruled by pressure 
following Eq. (2). The equilibrium parameters are = 0.01 and 
AF = 553 ml/mol. The experimental parameters of the ultracentrif- 
ugation are to = 60,000 rpm, p = 1 g/ml, r„ = 7 cm and cell 
length = 14 mm 



Effect of hydrostatic pressure in proteins 

The highest pressures currently found in standard 
ultracentrifugation experiments lie at about 400 atm. 
Are they enough to cause a signihcant effect in biological 
systems? The answer is both yes and no. Most protein 
systems are believed not to be affected by pressure up to 
at least 1000-2000 atm [12, 13].^ In some cases, however, 
the system is sensitive to lower pressures, and though the 



^ I will refer only to proteins, though pressure effects can also be 
considered in other cases, such as nucleic acids and membranes 



midpoint of a transition promoted by pressure may be 
higher than 400 atm the effect can be observed in an 
ultracentrifuge below 400 atm [6, 14, 15]. Such is the case 
for those systems whose pressure effects have already 
been studied through the use of an ultracentrifuge [1-5]. 

The effects of pressure on proteins can be of several 
kinds: denaturation, through unfolding, changes in the 
aggregation state of assemblies, disulphide bridge rear- 
rangements, ligand association alterations, etc. [6, 12, 
13]. I will only refer here to the effects of pressure on the 
folding-unfolding and aggregation-dissociation equilib- 
ria. Both processes are driven by the same forces: always 
with the displacement of the equilibrium towards the 
form with the smaller volume (which includes that of the 
solvent affected by the change). In many cases this means 
that the form favoured by pressure is the unfolded and 
dissociated state, because there is a tendency to fill the 
inter- and intramolecular voids to improve packing, to 
relax forced bonds and to allow a higher degree of 
favourable interactions with the solvent. Nevertheless, 
there are examples of the opposite behaviour [16]. The 
equation ruling this equilibrium is of the type 

\nK = lnKo+PAV/RT (2) 

where K and are the equilibrium constants (dehned in 
this example as unfolding constants) at a given pressure, 
P, and at atmospheric pressure, respectively, and where 
AK is the molar volume increase [6] in the folding/ 
aggregation process."^ 

Through a very simple simulation (Fig. 5) we can 
show how an imaginary protein with AV of about 
550 ml/mol and Kg of 0.01 would behave in an ultra- 
centrifugation cell. These parameters were sought so that 
the two-state change from native to denatured form takes 
place within the range of pressures achieved in the cell. 
This increase in volume is larger than those reported for 
many proteins (i.e., AV for haemoglobin 78-91 ml/mol 
[18], for phosphoglycerate kinase 52-66 ml/mol [14], for 
mutant glutathione ^-transferase 18-32 ml/mol [15]). 
If must be noted, however, that the parameter in Eq. (2) 
is the molar volume increase and thus is independent of 
the protein size: a large macroaggregate would certainly 
be sensitive to such moderate pressures [6]. 



Observation in the ultracentrifuge 

Two kinds of phenomena will be observed in an 
ultracentrifugation experiment on a sample that is 
affected by moderate hydrostatic pressure. One would 
be the species distribution in the cell before net matter 
transport has taken place (Fig. 6). Of course to observe 



“’This equation is easily obtained by calculating (dAG/dP)j; and is 
similar to Eq. (3) of Ref. [12] or to Eq. (3) of Ref [17] 
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Fig. 6 Model of optical density {OD) distribution in the ultracentrif- 
ugation cell for an imaginary protein, considering the product has a 
specific OD 30% higher than the reactant. A two-state equilibrium 
ruled by Eq. (2) is assumed. Same parameters as in Fig. 5 




Fig. 7 A modelled sedimentation velocity experiment for an imagi- 
nary protein which, at a given pressure, suffers a brisk change in its 
conformational or aggregation state whereby its sedimentation 
coefficient is reduced in the process. The pressure at which the change 
takes place is achieved slI h = 1 mm. Only the sedimentation process 
is considered (diffusion is neglected) 



this we need to find a sample such that the reactant and 
product(s) forms can be differentiated by the optical 
systems present at the ultracentrifuge. When the long- 
awaited fluorescence system is at last adapted, the 
sensitivity of these measurements will be increased 
greatly as the fluorescence of either intrinsic or externally 
added chromophores is very sensitive to changes in their 
surroundings and so to small conformational changes. 

Nevertheless, in some cases absorption optics should 
be sufficiently sensitive and either the unfolding of a 
protein or the dissociation of an oligomer could be 
detected by the reduction in turbidity of the solution or 
specific wavelengths where there are differences in the 
absorption between reactant(s) and products(s). In 
Fig. 6 the optical density distribution in the cell for the 
above-mentioned imaginary protein has been modelled, 
where the product(s) contribute more to the total optical 
density than the reactant. From these readings, K and 
AF of the protein could be derived. 

Other observation would be related to the sedimen- 
tation behaviour of the species in equilibrium. To try 
and model this process in a simple way only sedimen- 
tation will be considered, ignoring diffusion. Other 
details, such as radial dilution, changes in solvent 
density with pressure, etc., are also neglected here. For 
an imaginary protein which, at a given pressure, P*, 
suffers a brisk change in its aggregation or conforma- 
tional state, generally driving to slower species. Fig. 7 
shows how the aspect of a sedimentation velocity 
experiment would appear.^ For the regions above the 



^ Unfolding generally produces species of the same mass but with a 
more extended conformation, which sediment more slowly than the 
native form. As for aggregates, they have larger sedimentation 
coefficients than smaller monomers, if the shape is maintained 
overall 





Fig. 8a, b A modelled sedimentation velocity experiment, for an 
imaginary protein which is in a two-state equilibrium with its 
denatured form, and whose equilibrium constant is governed by 
pressure following Eq. (2). a The product is sedimenting slower than 
the reactant, b The product is sedimenting faster than the reactant 

radial position yielding P*, a single boundary will move 
at constant speed towards the bottom of the cell. 

For the regions of higher radial position, solute will 
pile up because for P higher than P* the sedimentation 
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coefficient, is smaller and the solute will not proceed 
towards the bottom of the cell as quickly as it enters 
this region (still with a higher s). This will produce a 
distortion in the boundary. 

However, this is not very realistic, because an 
equilibrium governed by pressure described by Eq. (2) 
would more likely be established. This is modelled in 
Fig. 8a, where the formation of a slower species is found 
to cause a bend in the plot of 5 versus radial distance 
(not shown) caused by the reduction in the speed of the 
solute migration. 

In some examples the situation may be the opposite 
and the isometric monomers would travel faster than the 
large dissociating aggregate (e.g., anisometric). As can 
be seen in the model Fig. 8b, the effect would be the 
bending of the sedimentation coefficient plot in the 
opposite direction. It should be noted that possible 
hydrodynamic and convection effects that could be 
produced by the alterations in sedimentation have also 
been neglected. 



Conclusions 

By following the sedimentation behaviour (without the 
need of a difference in optical properties) it is possible to 



determine the sedimentation coefficient of both reactants 
and products by extrapolating to the different ends of 
the cell. The disturbances caused by the concentration of 
an inhomogeneous distribution could be avoided by 
using only the first scans, and working at different 
pressures using columns of inert oil. The equilibrium 
parameters can be calculated by repeating the experi- 
ment at different speeds. 

Even when many proteins are not well suited to study 
by this technique (or to introduce complications in a 
standard ultracentrifugation experiment where pressure 
effects are not accounted for), it must be remembered 
that the stability of proteins and aggregates is a complex 
phenomenon governed by many factors, such as pH, 
ionic strength, temperature, denaturants, etc., and that 
one can adjust these variables to try and place a given 
protein in a situation whereby the study of hydrody- 
namic pressure effects in an ultracentrifuge cell can be 
undertaken. 

Acknowledgements I thank J.M. Malpica, A. Rowe, O. Byron and 
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Abstract The molecular mass of 
ovalbumin, a well-characterized 
protein, has been determined from 
low-speed sedimentation equilibrium 
distributions recorded by the 
absorption and Rayleigh optical 
systems of a Beckman XL-I ultra- 
centrifuge in order to assess the 
reliability of various procedures for 
analyzing the Rayleigh interfero- 
metric records. Despite assertions to 
the contrary, the present results 
demonstrate the importance of es- 
tablishing a concentration distribu- 
tion in terms of absolute fringe 
displacement, J{r) versus r, before 
quantitative analysis of the distribu- 
tion is atttempted in terms of the 
basic sedimentation equilibrium 
expression for a single solute; this 
consideration is particularly impor- 
tant in experiments where the con- 



centration at the meniscus is sizeable 
in relation to the concentration dif- 
ference across the equilibrium dis- 
tribution. In that regard the 
incorporation of a synthetic boun- 
dary experiment into the protocol 
seems to provide the most reliable 
means of ascertaining the absolute 
concentration distribution from 
Rayleigh interferometric records of 
low-speed sedimentation equilibrium 
experiments, and is an essential 
prerequisite for the quantitative 
characterization of interacting 
systems. 



Key words Low-speed sedimenta- 
tion equilibrium • Molecular mass 
determination • Rayleigh interfer- 
ence distributions • Synthetic 
boundary • Ovalbumin 



Introduction 

Irrespective of whether sedimentation equilibrium is 
used for molecular mass measurement or for the 
characterization of macromolecular interactions, the 
quantitation is based on analysis of the dependence of 
solute concentration upon radial distance. In that regard 
the corresponding distribution in terms of absorbance, 
A ;(r) versus r, may be substituted for the corresponding 
variation in solute concentration, c(r), because of the 
direct proportionality between the two ordinate param- 
eters. However, the Rayleigh interference optical system 
provides a measure of the difference between the solute 
concentration at radial distance r and that at the air- 



liquid meniscus, r.^. In an interferometric record of a 
sedimentation equilibrium distribution the number of 
Rayleigh fringes observed, j{r), ranges between zero 
(at r^) and J{r\,) at the other extremity of the solution 
column subjected to centrifugation. From the viewpoint 
of defining the Rayleigh counterpart of the absolute 
concentration distribution, the required radial depen- 
dence is that of J(r) = j{r) + where J(r.^) is the 

solute concentration (expressed in terms of Rayleigh 
fringes) at the air-liquid meniscus. Only in the event that 
a sufficiently high rotor speed is used to ensure a value of 
essentially zero for J(r^) may j{r) be equated with J(r) [1]. 

Although various methods have been devised for the 
measurement of J(r^) in low-speed [2, 3] sedimentation 
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equilibrium experiments, there is now a widespread 
belief that the sophisticated nonlinear regression pro- 
grams installed in the current-generation analytical 
ultracentrifuges have rendered redundant the necessity 
to determine experimentally the magnitude of J{r.^. 
Instead, it is merely regarded as an additional parameter 
that emerges from analysis of the radial dependence of 
the concentration difference data, j{r) versus r, in terms 
of the basic sedimentation equilibrium expression, 

\j{r) +/(ra)] =/(ra) exp[MA(/)A(''^ - rl)] (la) 

= (1 - j^APs)®V(2^7’) , (lb) 

where Ma and are the molecular mass and partial 
specific volume, respectively, of solute A, is the 
solvent density and is co the angular velocity in an 
experiment conducted at temperature T. 

The present investigation examines the validity of this 
supposition in the simplest application of low-speed 
sedimentation equilibrium experiments, namely deter- 
mination of the molecular mass of a homogeneous 
solute (ovalbumin). By demonstrating the fallacy of the 
approach in instances where the magnitude of J{r.^ is 
sizeable in relation to j(''b) = -^(^b) ~ we reinforce 
the desirability of establishing the absolute concentra- 
tion distribution (in Rayleigh-fringe terms) before 
embarking upon its quantitative analysis. 



Experimental 

Prior to one series of sedimentation equilibrium experiments the 
crystalline preparation of ovalbumin (Sigma grade V) was dis- 
solved in acetate-chloride buffer (0.005 M sodium acetate-0.005 M 
acetic acid-0.200 M sodium chloride), pH 4.6, I = 0.205, condi- 
tions under which ovalbumin is essentially isoelectric [4, 5]. 
Aliquots (0.5 ml) of protein solution were then subjected to zonal 
chromatography on a column (2 x 20 cm) of Sephadex G-200 
preequilibrated with the same buffer. This exclusion chromatogra- 
phy step not only served to remove any contaminating material 
with markedly different size characteristics but also to provide an 
ovalbumin solution in dialysis equilibrium with the buffer to be 
used in sedimentation equilibrium studies. Phosphate-chloride 
buffer (0.0128 M Na2HP04-0.01 15 M KH2P04-0.0500 M NaCl), 
pH 7.0, I = 0.10, was used in a second series of sedimentation 
equilibrium experiments on ovalbumin. 

Sedimentation equilibrium experiments were conducted in filled- 
epon double-sector cells in which fluorocarbon FC-43 had been 
included to generate a well-defined outer extremity of the protein 
solution subjected to sedimentation equilibrium. The solutions of 
ovalbumin in acetate-chloride buffer (150 |il, 0.6 or 0.3 g/1) were 
centrifuged for 24 h in a Beckman XL-I ultracentrifuge operated at 
9000 rpm and 20 °C: those in phosphate-chloride buffer (1.24 g/1) 
were centrifuged at 17 000 rpm. Solute distributions were recorded 
at intervals of 4 h by both the Rayleigh and absorbance optical 
systems. For the latter measurements a wavelength of 280 nm was 
used to monitor the protein distribution, which was then corrected 
for baseline irregularities by means of the corresponding optical 
record obtained previously for the same cell with water in both 
sectors. On completion of the preliminary run the cell remained 
tightened throughout the water removal, and refilling stages. An 
interferometric pattern was also recorded for the preliminary run to 



provide a means of correcting for radial fluctuation in Rayleigh 
response across the cell. For equilibrium runs on ovalbumin in 
acetate-chloride buffer an absorbance distribution was recorded 
immediately after attainment of rotor speed in the actual sedimen- 
tation equilibrium experiment to facilitate location of the hinge 
point (;'h) as the radial distance at which the protein concentration 
(absorbance) remained invariant throughout the sedimentation 
equilibrium experiment. A synthetic boundary experiment was used 
to obtain the initial protein concentration in terms of Rayleigh 
fringes (/„). 

Protein distributions were analyzed in terms of the basic sedi- 
mentation equilibrium equation for a homogeneous solute with 
molecular mass Ma and a partial specific volume ka. namely [6, 7] 

ZA(r) = ZA(ra) exp[MA</>A('^ - '^)1 , (2) 

which defines the thermodynamic activity z/J^r) of solute at radial 
distance r in terms of that, z/J^r.^, at the air-liquid meniscus r.^. The 
fact that the distribution of macromolecular solute is governed by 
its thermodynamic activity under conditions of constant chemical 
potential of solvent [8, 9] dictates the use of solutions that are in 
dialysis equilibrium with solvent - a requirement met in the present 
study. 

In the application of Eq. (2) to the experimental distributions 
for ovalbumin in acetate-chloride buffer (pH 4.6) the simplification 
has been made that the thermodynamic activities may be replaced 
by the corresponding concentrations (or parameters directly related 
thereto) on the grounds that assumed thermodynamic ideality is 
a reasonable approximation for such dilute solutions of an 
uncharged protein [10]. To avoid the distortion of experimental 
error introduced by use of its linear logarithmic transform, 
nonlinear regression analysis (least-squares minimization) of the 
data in terms of Eq. (2) by means of SCIENTIST (Micromath 
Scientific Software, Salt Lake City) was used to obtain the 
parameter related to z/^{r.J, ^ 2 so(''a) or Ag); and the product 
Ma</>a as the two curve-fitting parameters. Conversion of the latter 
to a molecular mass was based on a calculated buffer density [1 1] of 
1.0110 g/ml and a partial specific volume of 0.736 ml/g for 
ovalbumin - the value obtained on the basis of a 3% carbohydrate 
content {v of 0.60 ml/g) and a calculated partial specific volume [12] 
of 0.740 ml/g for the protein component from its amino acid 
sequence [13]. Use of the reported partial specific volume of 
0.748 ml/g for ovalbumin [14] leads to 5% higher estimates of its 
molecular mass. 

In the experiment at neutral pH the anionic nature of ovalbumin 
enhances the magnitude of the second virial coefficient sufficiently 
to necessitate consideration of the molecular mass obtained by the 
above procedure as an apparent parameter, M^'^, that is related to 
the true value, Ma, by 

=Ma/{1 + 2BaaCa/Ma) , (3) 

where ca, taken as the mean of ca(u) and CA(''b), was calculated 
from the absolute fringe displacement and the relationship (for 
proteins) ca = J/3.23 [15]. The magnitude of the second virial 
coefficient, Baa, was calculated on the basis of the expression 

2Baa = 32nNRl/3 + [Zi/(2/)](l -f 2kRa)/{1 + kRaY (4) 

for a spherical solute with radius Ra and net charge Za [8]. 
Respective values of 2.92 nm [16] and -16 [17] for these two 
parameters lead to an estimate of 1060 1/mol for 2Baa- 



Results and discussion 

Because the absorption optical records of the distribu- 
tions in these sedimentation equilibrium experiments 
were well within the concentration range covered by the 
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Lambert-Beer limiting law, their analysis is considered 
first to provide a reliable estimate of the molecular mass 
as a standard with which to compare the values obtained 
by various treatments of the Rayleigh interference 
records of the same equilibrium distributions. 



Analysis of absorbance distributions 

The absorbance optical record obtained at 280 nm for 
ovalbumin in acetate-chloride buffer (Fig. 1) provides 
definitive estimates of the radial extremities (r.^, r^,) of the 
sedimentation equilibrium distribution, despite the ab- 
errant absorbance measurements in the vicinity of r^,. 
This aberration reflects the use of an incremental step in 
radius that is smaller than the radial width of the cell 
segment being scanned; however, the consequences of 
the aberration are readily removed from the analysis by 
the indicated truncation of the data set. In view of the 
inherent uncertainty of absorbance measurements in the 
vicinity of the air-liquid meniscus, absolute reliance 
upon a measured estimate of A 2 so(f) was avoided by 
nonlinear regression analysis of the data in terms of 
Eq. (2) to obtain a best-fit value of this parameter as well 
as of Ma<(>a for ovalbumin. The consequent estimate of 
0.379 (±0.003) for ^(r^), where the uncertainty is 
expressed as 2SD, is a seemingly reasonable description 
of the meniscus absorbance. The corresponding best-fit 
estimate of 0.2115 (±0.0036) Da for Ma4>a translates 
into a molecular mass, Ma, of 45 300 ( ± 800) Da, a 
value confirmed by that of 44 700 (±1700) from the 
sedimentation equilibrium run on 0.3 g/1 ovalbumin. 
These estimates of the molecular mass are in reasonable 
agreement with the value of 44 000 Da that is obtained 
on the basis of the amino acid sequence [13] and an 
octasaccharidic chain comprising six mannose and two 




Fig. 1 Evaluation of the buoyant molecular mass, from the 

spectrophotometric record of a sedimentation equilibrium distribution 
for ovalbumin (acetate-chloride buffer, pH 4.6; 9000 rpm; 20 °C) by 
analysis in terms of Eq. (2) with absorbance, ^ 28 o(''), substituted for 
thermodynamic activity, za(») 



A-acetylaminoglucosamine residues attached to Asn- 
292. 



Direct analysis of Rayleigh solute distributions 

Having established that the absorbance records of 
sedimentation equilibrium distributions for ovalbumin 
conform with the known molecular characteristics of the 
protein, we now examine a range of procedures for 
extracting the molecular mass from the same distribu- 
tions recorded as Rayleigh fringe patterns, j{r) versus r, 
which range from an ordinate reading of zero at the air- 
liquid meniscus (r^) to j'(rh) at the other extremity of the 
solution column (Fig. 2a). The first procedure to be 
examined concerns the acceptability of nonlinear regres- 
sion analysis in terms of Eq. (1) to obtain /(r^) and 
Ma<(>a as two curve-fitting parameters - an analysis that 
would clearly obviate the necessity to establish experi- 
mentally the magnitude of the former parameter. Such 
analysis of the sedimentation experiment with the higher 
loading concentration of protein in acetate-chloride 
buffer certainly provides a reasonable description of the 





Fig. 2a, b Analysis of sedimentation equilibrium distributions by 
direct curve-fitting of Rayleigh interference data for ovalbumin to 
Eq. (la) in order to obtain /(r^) as well as the buoyant molecular 
mass, Ma0a- a Ovalbumin (0.6 g/1) in acetate-chloride buffer 
(pH 4.6) subjected to centrifugation at 9000 rpm and 20 °C. 
b Ovalbumin (1.24 g/1) in phosphate buffer (pH 7.0) subjected to 
centrifugation at 17 000 rpm and 20 °C 
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[f, j(f)] data (Fig. 2a) in that it leads to well-defined 
estimates of 1.45 (±0.06) and 0.2306 (±0.0066) Da for 
/(fa) and respectively; however, the consequent 

estimate of 49 400 (±1400) Da for Ma is high - a 
manifestation of the failure of the analysis to extract the 
correct value of J(r^) from analysis of the radial 
dependence of J{r) in terms of Eq. (1). Corresponding 
treatment of the sedimentation equilibrium data for 
ovalbumin in phosphate-chloride buffer (Fig. 2b) also 
yielded an estimate of /(r^), 0.92 (±0.02) fringes, that 
was proven subsequently to be incorrect; in this case the 
estimate of Ma was 44 800 ( ± 300) Da. 

As noted by Minton [18], treatments such as those 
described above for the analyses of the absorbance as 
well as of the Rayleigh distributions do not take into 
account the interdependence of J(r.^) and Ma(/)a, which 
are regarded as independent parameters. In the analysis 
of absorbance distributions the analogous treatment is 
commonly referred to as “floating the baseline”, and 
although we prefer to avoid this practice, it may not lead 
to serious error. However, the situation for Rayleigh 
optical records can be more serious because, as already 
noted, the optical record is of a concentration relative to 
that at the meniscus: the magnitude of the offset to be 
estimated can therefore be quite large. 

Use of the interdependence of J{r^) and Ma(/)a was 
noted by Teller et al. [19] and formed the basis of a 
procedure for extracting J(r^) given by Creeth and 
Harding [20, 21] which has been incorporated into the 
MSTARI algorithm for molecular weight analysis from 
Rayleigh interferometric records [22, 23]. The basis of 
the method is the expression 

J{r)/{r^ - rl) = /(ra)MA0A 

± [2Ma<?^a/(''^ - rl)] [ j{r)r dr . (5) 

Jra 



The dependence of j{r)/{r^ — r\) upon [/y(r)rdr]/ 
(r^ — rl) has an ordinate intercept of J{r-^M/^(px and a 
slope of 2 Ma</>a: their ratio thus has the potential to 
provide an estimate of J{r.^. An equivalent procedure 
was described some 12 years later by Minton [18], who 
wrote Eq. (5) in the form 



J{rl 




/{[{exp[MA(/)A(r^-r2)] - 1} 
/(2MA0A)]-(r2-r2)/2} , 

( 6 ) 



which clearly states the interdependence of J{r.^ and the 
buoyant molecular mass. 

The problem in obtaining /(r^) has been that the 
limiting slope and the intercept at the meniscus are 
required - a region where the data are at their noisiest. 
In practice the experimenter has to interactively select a 
series of data ranges for performing the fit, and then 



“select” the most appropriate fit; consequently, /(r^) is 
obtained with an accuracy of only about 0.17 fringe data 
[21]. For experiments where the fringe increment be- 
tween meniscus and base is relatively large, j{r\,) greater 
than four fringes, this does not lead to significant 
problems, but for low fringe increments errors in 
molecular mass determination of 10% or more can 
accrue. This is born out by the experiments on 
ovalbumin. For the experiment in phosphate-chloride 
buffer at 1 .24 g/1 and 1 7 000 rpm (Fig. 3a), with a large 
fringe increment (meniscus to base) of nearly ten fringes, 
a reasonably accurate value of the meniscus concentra- 
tion = 1.0, cf. 1.04] is returned; the resultant 
of 42 500 (Fig. 3b) translates into a molecular mass of 
44 200 Da; however, for the low-fringe-increment exper- 
iment (0.6 g/1, 9000 rpm) with a fringe increment 
(meniscus to base) of only 1.7 fringes, the MSTARI 
analysis (Fig. 4a) returns a value of 1.4 (cf. 1.6) for 
which gives rise to an estimate of 48 600 (±1000) Da 
from subsequent analysis of the molecular mass 
(Fig. 4b). 

For the quantitative analysis of interacting systems 
an accurate delineation of the absolute concentration 
distribution is essential. We therefore conclude this 
investigation by emphasizing the ease and rapidity with 




Radial Distance (cm) 

Fig. 3a, b Use of the MSTAR approach to evaluate /(rj and Ma 
from a Rayleigh record of the sedimentation equilibrium distribution 
(17 000 rpm, 20 °C) for ovalbumin in phosphate-chloride buffer, 
pH 7.0. a Evaluation of J{r.^ by means of Eq. (5). b Consequent 
radial dependence of the absolute fringe displacement, /(;■) = 
m+j{r) 
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[,fj(r)rdr]/(r=-ra") 




Radial Distance (cm) 

Fig. 4a, b Corresponding application of the MSTAR approach for a 
the determination of J{r.^ and hence b the delineation of the 
sedimentation equilibrium distribution (9000 rpm, 20 °C) in terms 
of absolute fringe displacement J(r) from the Rayleigh pattern for 
ovalbumin in acetate-chloride buffer, pH 4.6 

which an unequivocal concentration distribution may be 
obtained. In other words we revert to the original 
contention [24, 25] that analysis of low-speed sedimen- 
tation equilibrium experiments is best performed by 
conducting a separate synthetic boundary experiment on 
the solution used for the sedimentation equilibrium run 
in order to obtain an accurate value of the meniscus 
concentration /(r^) and hence a reliable description of 
the solute distribution, J{r) versus r, when the Rayleigh 
optical system is used to record the distribution. 



Analysis based on the conduct 
of a synthetic boundary run 

Selection of the upper limit of integration in Eqs. (5) or 
(6) as rb, the base of the solution column, eliminates the 
need for concomitant evaluation of Ma</>a and /(rj, 
because the integral now describes the amount of solute 
accounted for by the Rayleigh pattern. In as much as 
the total amount of solute in the cell is given by the 
corresponding integral at the onset of centrifugation, 
when J{r) is the loading concentration, J„, throughout 
the column length, it follows that the measurement of Jo 
in a separate synthetic boundary experiment allows J{r.^ 
to be obtained from the relationship 



J{r^) 





j{r)A? 




( 7 ) 



This is equivalent to the corresponding expression 



•^(^a) — Jo 





( 8 ) 



developed by Richards and Schachman [24] on the same 
basis of mass conservation of solute. Unequivocal 
delineation of the absolute concentration distribution, 
J{r) versus r, is then obtained as /(r) = /(r^) + j{r). 

As noted by Richards and Schachman [24], a more 
direct procedure for determining the absolute concen- 
tration distribution entails identification of the hinge 
point - the radial position (rh) at which the solute 
concentration remains invariant throughout the ap- 
proach to sedimentation equilibrium, and hence the 
radial position at which J{r) = Jo- In the absence of a 
convenient procedure for identifying the hinge point by 
the white-light-fringe method [24], we located rh by 
overlaying the absorption distribution obtained at the 
onset of centrifugation upon that obtained at sedimen- 
tation equilibrium [26]. The absolute concentration 
distribution in Rayleigh-fringe terms is then obtained 
as J(r) = Jo + ]j{r) -yK)]- 

In keeping with the findings of Richards and 
Schachman [24], the application of either procedure 
to the present Rayleigh record of the sedimentation 
equilibrium distribution for 0.6 g/1 ovalbumin in ace- 
tate-chloride buffer leads to a common radial depen- 
dence of J(r) (Fig. 5a). Furthermore, the corresponding 
nonlinear regression analysis in terms of Fq. (2) leads to 
a best-fit estimate of 0.2130 (±0.0005) Da for Ma(/)a, 
which signifies a molecular mass estimate of 45 600 
(±1000) Da that essentially duplicates the value ob- 
tained by analysis of the distribution recorded by the 
absorption optical system. For the high-fringe-incre- 
ment run (1.24 g/1, 17 000 rpm) in phosphate-chloride 
buffer, the correct /(rj is now 1.04 (Fig. 5b), and 
analysis in terms of Eq. (2) yields a slightly lower 
molecular mass of 43 600 Da. 

Once J{r^) has been correctly identified by the 
synthetic boundary procedure, it can be directly entered 
into programs such as MSTARI [23] for general 
molecular weight analysis or PSI [27] for the accurate 
quantitative analysis of interacting systems based on the 
i//,(r) function [26]; these programs will now evaluate 
/(rj based on inpnt of the correct value for Jo- 

Clearly, the establishment of an absolute concentra- 
tion distribution, J(r) versus r, is mandatory for reliable 
molecular mass determination from Rayleigh records of 
low-speed sedimentation equilibrium distributions, j(r) 
versus r, when J(rJ is sizeable in relation to J(th) - J{r.2)- 
In as much as molecular mass determination for a single 
noninteracting solute represents the least stringent 
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Radial Distance (cm) 




Fig. 5a, b Sedimentation equilibrium distributions in terms of un- 
equivocal absolute fringe displacement J{r) for ovalbumin solutions in 
a acetate-chloride buffer, pH 4.6, and b phosphate-chloride buffer, 
pH 7.0: respective rotor speeds were 9000 and 17 000 rpm in these 
experiments conducted at 20 °C 

application of sedimentation equilibrium, the same 
caveat applies to analyses of sedimentation distributions 
reflecting either solute self-association or interaction 
between dissimilar reactants. However, for extremely 
heterogeneous systems such as polysaccharides or syn- 
thetic polymers it may not be possible to relate to 
J{r.^ via the conservation of mass of rule because of 
inability to measure the fringe increment j{r\,) = J(r.^) - 



J(rb) as the result of steeply rising fringes at the cell base: 
in these cases the unconstrained Creeth-Harding algo- 
rithm [21], despite its lower accuracy, has to suffice. 



Concluding remarks 

This investigation of molecular mass determination by 
low-speed sedimentation equilibrium has demonstrated 
that conversion of the Rayleigh interferometric optical 
record of the concentration distribution into one in 
terms of absolute fringe displacement is a prerequisite 
for its quantitative analysis. There is thus little substance 
to a commonly held viewpoint that the meniscus 
concentration, /(r^), should be determinable as an 
additional curve-htting parameter to emanate from 
nonlinear regression analysis of the Rayleigh distribu- 
tion, j{r) versus r, in terms of Eq. (1). In that regard a 
disconcerting hnding is the fact that the statistical 
uncertainty of the incorrect estimates of Ma thereby 
derived is no greater than that associated with the 
correct estimate; hence the fact that there is no obvious 
indication that the direct curve htting has yielded an 
erroneous estimate of the molecular mass. It is hoped 
that the results of this investigation may convince 
experimenters of the desirability of reinstating the 
synthetic boundary run into the routine protocol for 
the conduct of low-speed sedimentation equilibrium 
studies in which the Rayleigh optical system is to be used 
to record the concentration distribution. 
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Abstract General quantitative ex- 
pressions are developed to take rig- 
orous statistical-mechanical account 
of the effects of thermodynamic 
nonideality in sedimentation equi- 
librium distributions reflecting in- 
teraction between dissimilar 
macromolecular reactants. These 
quantitative expressions form the 
basis of an analysis which yields 
global estimates of the equilibrium 
constant(s) and the corresponding 
reference thermodynamic activities 
of free reactants in several experi- 
ments. Simulated data for 1:1 com- 
plex formation between dissimilar 
reactants are used to illustrate the 
procedure, which is currently unable 
to take advantage of the third virial 



coefficient terms to nonideality be- 
cause of the lack of expressions for 
the excluded-volume contribution of 
three-body clusters of dissimilar 
species. In the absence of experi- 
mental studies where chemical in- 
teraction is sufficiently weak to 
warrant the use of concentrations 
commensurate with significant ther- 
modynamic nonideality effects, 
published data on lysozyme self- 
association have been analysed to 
demonstrate the experimental appli- 
cation of the global analysis. 

Key words Thermodynamic non- 
ideality • Sedimentation equilibrium • 
Protein self-association • Heteroge- 
neous association 



Introduction 

Interest in the characterization of macromolecular 
interactions has been boosted greatly by the introduc- 
tion of the new-generation analytical ultracentrifuges - 
the Beckman XL-A and XL-I instruments. To accom- 
modate this interest procedures have been established 
for the analysis of sedimentation equilibrium distribu- 
tions reflecting macromolecular self-association [1] as 
well as complex formation between dissimilar macro- 
molecular reactants [2-5]; however, none of these 
procedures has taken adequate account of the conse- 
quences of thermodynamic nonideality. This deficiency 
has now been rectified for the analysis of sedimentation 
equilibrium distributions reflecting solute self-associa- 
tion [6, 7], but there still remains the problem of allowing 
for effects of thermodynamic nonideality in instances 



where complex formation is between dissimilar reac- 
tants. In a continuation of studies designed to charac- 
terize macromolecular interactions by direct analysis of 
sedimentation equilibrium distributions [5-8], this in- 
vestigation presents a means of rigorous allowance for 
effects of nonideality in complex formation between 
dissimilar reactants on the statistical-mechanical basis of 
excluded volume [9, 10]. 



Theoretical considerations 

Although the solute distribution in a sedimentation 
equilibrium experiment is recorded in terms of concen- 
tration, the thermodynamic origins of the data dictate 
their description in terms of a basic sedimentation 
equilibrium expression written in terms of thermody- 
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namic activity [11, 12]; however, the nature of the 
activity remained obscure until this decade, when it was 
established that the pertinent quantity is z,, the thermo- 
dynamic activity defined under conditions of constant 
temperature and chemical potential of solvent [6, 13, 14]. 
Advantage may therefore be taken of theory developed 
in the context of osmotic pressure, for which the same 
operational constraints apply to the thermodynamic 
activity of solute that governs its magnitude. 

We commence this statistical-mechanical analysis of 
the thermodynamics of a macromolecular solution with 
the traditional expression for the dependence of osmotic 
pressure (ff) of a noninteracting mixture of two 
macromolecules (A and B) upon the molar concentra- 
tions (C,) of the two solute components, 

n /{ RT ) = Ca + Cb + ^AACi + 5 bbC2 

+ ^abCaCb + + .SbbbCb 

+ ^aabC^Cb + SabbCaC^ + • • • . (1) 

Less familiar is the corresponding expression in terms of 
thermodynamic activities rather than concentration [10], 



U /{ RT ) = ZA + Zb + bAAz \ + ^bb^b 

+ ^abzazb + ^aaaza + ^bbbZb 

+ ^aab^a^b + ^abbza-^ + • • • . (2) 

The two sets of virial coefficients in these expressions for 
osmotic pressure exhibit the following interrelationships 
[ 10 ]: 

bu = -Bu; = A, B (3) 

bij — —Bij] j ^ i (4) 

Ibiii = 45| _ Bui^ / = A, B (5) 

Ibiij = ABijBii + B]j - Biij] j 7^ i (6) 



These coefficients allow the specification of molar 
concentrations, C,, in terms of thermodynamic activities 
via the expression [10] 

Ci — z,-[S(n/f?r)/Szi]j ,_^^7 / = A, 7 = B or / = B, j — A 

= z,' + IbiiZ^i + bijZiZj + 3biiiz] 

+ '^biijZ^Zj + bijjZi^j + • • • . (7) 

Apart from the introduction of numerical constants as 
the result of the differentiation, the expression for total 
solute concentration is clearly of the same form as Eq. 
(2), and we may therefore proceed with the expression 
for n/i?r in order to demonstrate the manner in which 
chemical interaction is accommodated. 

From a thermodynamic viewpoint complex forma- 
tion does not affect the number of components, 
whereupon it follows that Eq. (2) continues to describe 
the dependence of osmotic pressure upon the molar 
thermodynamic activities of the two solute components. 



However, upon adoption of that viewpoint the forma- 
tion of complexes must be regarded as a special 
manifestation of thermodynamic nonideality [6, 10], 
and the equilibrium constants expressing the activities of 
complex species in terms of those for reactants must be 
incorporated into the magnitudes of the thermodynamic 
coefficients, which now become constitutive parameters. 
Because we think of chemically reacting systems in terms 
of interacting species rather than interacting compo- 
nents, the task at hand is to relate the description of 
osmotic pressure, and also the total concentration of a 
component, in terms of species activities to the thermo- 
dynamic description in terms of components. The 
former becomes 

IV/ (RT) = za + Zb + ^aa^a + ^bb^b + ^ab^a^b + ^aaa^a 
+ ^bbb-^b + ^aab^a^b + ^abbza-^ + • • • , 

( 8 ) 

where the overbar notation is used to denote that the 
virial coefficients are now constitutive quantities reflect- 
ing both physical and chemical interactions. The coun- 
terpart of Eq. (7) is 

Ci = Zi + 2biiZ^^ + bijZiZj + ibiiizl 

+ 2biijz]zj + bijjZizj 3 . (9) 

For illustrative purposes we consider a mixture 
comprising an acceptor A that interacts with macromo- 
lecular ligand B to form a series of complexes C (=AB), 
D (=AB 2 ), etc. The thermodynamic activities of these 
complexes may be written in terms of stoichiometric 
equilibrium constants (A^ab, Aabb, etc.) and the ther- 
modynamic activities of the two reactants raised to the 
appropriate powers as 

zc = A^abzazb (10) 

zd = 77abbzaz^ ■ (11) 

Expression of the osmotic pressure in terms of the 
coefficients of the species rather than components leads 
to the relationship 

n/(7?r) = ZA + ZB + zc + ZD 

+ bAA^A + ^BBZ^ + ^ABZAZb 
+ ^aabZaZb + ^abbzaz^ + ^aaaZa + ^bbbZb 
+ ^ACZAZC + ^BCZbZC + • • • , (12) 

where the virial coefficients bAA, ^ab, etc., simply 
describe physical (or excluded-volume) interactions 
between the designated species. Incorporation of Eqs. 
(10) and (11) into Eq. (12) then gives 

n/ (RT) = ZA + Zb + ^aaZa + ^bbZb + (^ab + 77ab)zazb 

+ ^AAAZa + ^BBBZb + (^AAB + ^ac^ab)zaZb 
+ (^ABB + bBcKAB + 77aBb)zaZb + • • • • (13) 
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Comparison of Eq. (13) with Eq. (8), the corresponding 
description in terms of the thermodynamic coefficients, 
reveals the identity of the coefficients for terms involving 
solely za or Zb (^aa = ^aa, ^bb = ^bb, ^aaa = ^aaa, 
hBBB = ^bbb); however, coefficients involving products 
of Za and Zb are related by the expressions 

^AB = ^AB + ^AB 

= ^AB— ^AB (14) 

Saab = 26aab + Sac^ab 

= 25ab-Saa + (1/2)(5ab “ -®aab) — -Sac-^ab (15) 

SaBB = SabB + SbC^AB + -^ABB 

= -^ABB + 25ab-Sbb + (1/2)(5ab - -Sabb) — -Sac^ab , 

(16) 

where the second expression in each case reflects the 
incorporation of Eqs. (3)-(6). 

Experimental estimation of the thermodynamic coef- 
ficients Z)ab, Sabb, etc., thus opens up a possible means of 
determining the various equilibrium constants provided 
that magnitudes can be assigned to the species virial 
coefficients ^ab, Sabb, etc. In that regard expressions are 
available [9] for estimating the magnitudes of all three 
second virial coefficients (i?AA, ^bb, ^ab) but for only 
two of the third virial coefficients (-Saaa and ^Ibbb)- 
Consequently, although Eqs. (14)-(16) signify a potential 
for the evaluation of equilibrium constants from the 
magnitudes of second and third virial coefficients, their 
application to include the use of Z^aab and ^abb terms 
describing three-body clusters must await a means of 
assigning values to .Saab and .Sabb- We therefore restrict 
consideration to the characterization of a 1:1 interaction 
from results obtained over the concentration range where 
nonideality is described satisfactorily by Eq. (13) trun- 
cated at second virial coefficient terms. 



Analysis of sedimentation equilibrium distributions 

As previously noted, the basic sedimentation equilibri- 
um expression for a given solute describes its distribu- 
tion in terms of thermodynamic activity defined under 
conditions of constant temperature and chemical poten- 
tial of the solvent. The dependence of that thermody- 
namic activity, z,, upon radial distance, r, is therefore 
given by the relationship [5, 6, 11, 12] 

z,-(r) =z;(rp)iA,-('') . (17) 

where rp is an arbitrary reference radial position and 

iA,.(r) = exp[M;(/),.(r2 - r^)j (18) 

. (19) 

Mi and r, denote the solute molecular weight and partial 
specific volume respectively, is the solvent density 



[6, 13, 14] and m is the angular velocity in an experiment 
conducted at temperature T. Eor any given experiment 
the ij/ function for acceptor (A) can be expressed in terms 
of that for ligand (B) by means of the relationship [5] 

'Aa('') = ['Ab('')]^; />= (4Ta</>a)/(4Tb</)b) • (20) 

For a series of sedimentation equilibrium experiments 
in which the total molar concentration of each of the 
two components (Ca, Cb) has been determined as a 
function of radial distance, the combination of Eqs. (9) 
and (20) gives 

CA(r) = ZA{rF)[\l/s{r)Y + 2W[zA(rF)]^[iAB('')]^'’ 

+ hABZA(''F)zB(''F)['AB('')]^^’ H (21) 

CB{r) =ZB(rF)lAB('') + 2hBB[zB(''F)]^['AB('')]^ 

+ hAflZA(''F)zB(''F)['/'B('')]''^' H ■ (22) 

In as much as za(ff) and ZB(fF) are both constants 
within a given experiment, Ca(f) and Cb(f) are given by 
specific multinomial functions of the single independent 
variable i/'b(0- Two approaches to evaluate these two 
reference activities as well as AAb seem pertinent. 

A model-independent approach entails the separate 
elucidation of za(^f) and Zb(ff) from each experiment by 
writing Eqs. (21) and (22) in the forms 

Ca(''f)/[iAb('')]^ = Za(?'f) +hABZA(''F)zB(''F)'AB('') 

+ 2hAA[zA(rF)]^[i/'B('')r H (23) 

CB{rp)/il/^{r) = zb(ff) + 2bBB[zB{rp)f'tJ/s{r) 

+ hABZA(''F)zB(''F)['/'B('')FH ) (24) 

which allow estimation of za(?'f) and Zb(ff) as the 
ordinate intercepts of the respective dependences of 
CA(r)/[ilJB(r)f and CB(r)/i//B('') upon i/^b('')- On the 
grounds that the application of Eq. (17) then allows 
the evaluation of za(^) and ZB(r) throughout the 
distributions in each experiment, the results may be 
amalgamated into a single determination of Kab by their 
analysis according to the combination of Eqs. (21) and 
(22) written as 

Ca(?-) + Csir) = za(f) +ZB(r) - 2BAA[zK{r)f - 2BBB\zB{r)f 

+ 2{Kab - BAB)zA{r)zB{r) H . (25) 

On the basis of spherical geometry for all species, values 
of the virial coefficients Baa, Bbb and Bab are available 
from the expressions [13, 15] 

2Bii = 22nNR]/3 + [z2/(2/)][(l + 2 k7?,-)/(1 + KRif] 

(26) 

Bij = AnN{Ri + Rjf/2 + [Z,-Z;/(2/)j 

X {(1 + kRi + K7?y)/[(1 + kRi)( \ + kRj)]} , (27) 
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in which the molar ionic strength (I) may be used to 
calculate the inverse screening length (k) as 3.27 x 10^\/7 
at 20 °C. Ri and Z, denote the respective radius and net 
charge of solute i, and N is Avogadro’s number. 
Irrespective of the overall reaction stoichiometry the 
binding constant for 1:1 interaction (Aab) may thus be 
obtained as the only parameter of unknown magnitude 
in the dependence of the summed constituent concen- 
trations, CaCO + C^{r), upon the determined values of 
ZA(r) and Zgir). 

Although this procedure has the merit of being 
model-independent, the values of z^ir) and Zs(r) used in 
the curve-fitting of data to Eq. (25) have been obtained 
without the advantage of any input from the equilibrium 
distribution for the other component in the extrapola- 
tions to find za(^f) and ZbC^f) - parameters upon which 
the calculated values of z^(r) and Zs(r) via Eq. (17) are 
heavily reliant. The alternative is to introduce model- 
dependence from the outset in a procedure that accom- 
modates concomitant analysis of both constituent 
distributions in terms of Eqs. (21) and (22) to find the 
best-fit set of values for K^b, za(^f) and ZB(fF) in a given 
sedimentation equilibrium experiment; however, the 
experimental validity of such values depends upon the 
adequacy of the 1:1 interaction model upon which 
the analysis is based. Extension of this model-dependent 
analysis to include the two constituent distributions 
from several sedimentation equilibrium experiments has 
the potential to return a global best-fit value of Aab as 
well as the corresponding best-fit estimates of za(?'f) and 
Zb(^f) for each experiment. This approach, which 
appears to be the more tractable for a 1:1 interaction, 
is given further consideration after a description of the 
simulation procedures used to generate data for its 
illustrative application. 



Simulation of nonideal sedimentation equilibrium 
distributions for 1:1 heterogeneous association 

Consider a series of sedimentation equilibrium experi- 
ments in which neither reactant self-associates and in 
which the constitutive molar concentrations, Ca and Cb, 
of interacting components A and B may both be 
determined as a function of radial distance. We shall 
confine attention to the situation where chemical 
interaction is restricted to 1:1 stoichiometry and where 
nearest-neighbour interactions (second virial coefficient 
terms) suffice to describe effects of thermodynamic 
nonideality. Data have been simulated for 1:1 interac- 
tion between dissimilar reactants with the molecular size 
and charge characteristics of ovalbumin and cyto- 
chrome c, but which is characterized by a binding 
constant that is some 20-fold smaller than the value 
reported from an experimental study at pH 6.3, 
/ = 0.03 [5]. 



Sedimentation equilibrium distributions have been 
simulated for a nonideal heterogeneous association 
entailing 1:1 complex formation between reactants A 
and B with buoyant molecular weights, M,(l — Vip^), of 
11,340 and 3,645, respectively. Second virial coefficients 
were assigned magnitudes on the basis of spherical 
geometry for all species and the above expressions for 
2Bii and an ionic strength of 0.1 M being used for 
calculation of the inverse screening length. The radii (7?,) 
and net charges (Z,) of the species were as follows: 
Ra = 2.92nm,ZA = -12;7 ^b = 1.90 nm, Zb = +12; 
Rc = 3.20 nm, Zq = 0. Such calculations led to the 
following magnitudes for the various second virial 
coefficients: 2Baa = 814 1/mol, 2Bbb = 544 1/mol, 

2Bcc = 661 1/mol, .Sab = -85 1/mol, Bac = 572 1/ 
mol, and Bsc = 334 1/mol. 

Sedimentation equilibrium distributions were simu- 
lated for experiments at 20 °C and a rotor speed of 
either 15,000 or 20,000 rpm. Radial extremities of the 
liquid column were 6.90 and 7.20 cm, and the reference 
radial position (fF) was taken as 7.05 cm, the column 
midpoint. Each simulation was initiated by assigning 
magnitudes to ZA(rF) and ZB(rF), whereupon the ther- 
modynamic activities of the two reactants throughout 
the distribution were generated by means of Eq. 17. 
Equations (21) and (22) were then used to obtain 
sedimentation equilibrium distributions for the A and B 
constituents, respectively, for a system with Kab = 
3,000 M“'. These simulated distributions were accorded 
a greater semblance of experimental realism by the 
incorporation of Gaussian noise with a standard devi- 
ation of 0.2 /iM - a value in keeping with experimental 
distributions recorded by the XE-A analytical ultracen- 
trifuge. 

Because Eqs. (21) and (22) form the basis of the 
analysis, it was deemed appropriate to also test the 
analytical procedure with simulated data that had been 
generated by other means. This entailed expressions of 
molar concentration of each species as its thermody- 
namic activity divided by a composition-dependent 
activity coefficient given by the expressions [13, 15] 

7a ( r) « exp[2RAACA(r) + RABCB(r) + RAcCc(r)] (28) 

7b W ~ exp[2RBflCB(r) +RABCA(r) +RbcCcW] (29) 

7c(r) w exp[25ccCc(^) + ^acCa(^) + 5BcCB(r)] . (30) 

The simulation was again initiated by assigning magni- 
tudes to ZA(fF) and ZB(rF), but zc(fF) was also calculated 
as AabZa(^f)zb(''f) to allow generation, via Eq. (17), of 
distributions in terms of the thermodynamic activities of 
all three species. These activities were then converted to 
molar concentrations by an iterative procedure in which 
the activity coefficients were calculated via Eqs. (28)-(30) 
with the relevant activity, z,(r), being used as the initial 
estimate of the corresponding concentration: four iter- 
ations sufficed. Sedimentation equilibrium distributions 
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reflecting partial contributions from the third and fourth 
virial coefficient terms were then obtained on the basis that 
Cx{r) = C/J^r) + Cc(r) and CB(r) = CB(r) + Cc(r). 



Global analysis of simulated data 

Having developed quantitative expressions, Eqs. (21) 
and (22), that make realistic allowance for the effects of 
thermodynamic nonideality on sedimentation equilibri- 
um distributions for heterogeneously associating sys- 
tems, we now need to demonstrate their utility for the 
evaluation of A^ab from sedimentation equilibrium 
distributions reflecting the consequences of such non- 
ideality. For this purpose simulated data have the 
advantage of being free from ambiguities that may arise 
from systematic error (such as a baseline shift) that can 
plague experimental results. The first aim of this section 
is therefore to ascertain the extent to which the analysis 
of simulated data in terms of Eqs. (21) and (22) returns 
the input parameters, zj^{rp), z^{rp), and 

The dependence of either Ca(?‘) or Cb(^) upon 
in any given sedimentation equilibrium experiment 
could, in principle, provide an opportunity for nonlinear 
regression analysis in terms of Eqs. (21) and (22) to 
obtain Kp,^, ZA(fF) and z^irp) as curve-fitting parame- 
ters; however, such analysis is likely to require unat- 
tainable accuracy in the experimentally determined 
distribution of a single component, and neglects the 
obligatory requirement that the same magnitude of A^ab 
must pertain to the descriptions of Ca(?‘) and CB(r) in 
terms of Eqs. (21) and (22), respectively. Joint analysis 
of the C\(r) and CB(r) distributions needs to be 
effected by the simultaneons application of Eqs. (21) 
and (22) based on the minimization of the combined 
sum-of-sqnares residual for both distributions. 

This joint analysis of distributions for the two 
constituents is readily adapted to the global analysis of 
results emanating from several sedimentation equilibri- 
um runs. Under such circumstances, estimates of zp^{rp) 
and zb(''f) are curve-fitting parameters pertaining to 
individnal experiments, but the equilibrium constant 



pertains to all experiments simultaneously. Thus, on the 
basis of an assigned initial estimate of K^b, the joint 
sum-of-squares residual can be minimized for each 
experiment separately to find the best estimates of pairs 
of [zflXrp), ZB(rp)] parameters, and their global sum-of- 
squares residual can be minimized to find a new estimate 
of A^ab by holding constant all other parameters 
pertaining to individual experiments. By iteration of 
this process the globally best-fit value of A^ab can be 
determined along with commensurate estimates of the 
reference activities pertaining to each separate experi- 
ment. 

Application of this global analysis of simulated data 
by means of Matlab software and a Marquardt- 
Eevinthal subroutine for the nonlinear least-squares 
minimizations is summarized in Table 1 for a 1:1 
interaction between reactants with the size and charge 
characteristics of ovalbumin and cytochrome c that is 
governed by a binding constant of 3,000 in buffer 
with an ionic strength of 0.1 M. For the first series of 
simulations (runs 1-3) the returned values of zp^(rp) and 
ZB(rp) are very satisfactory estimates of the input 
parameters - a situation manifested in the return of a 
best-fit Aab that differs by about 1% from the value 
used in the simulation; however, because the simulated 
data were generated by the same expressions that were 
used for their global fitting, the results of this analysis 
reflect only the effect of the added “noise” and almost 
certainly overstate the likely accuracy attainable by the 
procedure. The second series of simulations (runs 4-6) 
provides a sterner test in the sense that the calculated 
nonideal distributions reflect some contribution from 
third and fourth virial coefficient terms. On this occasion 
the returned equilibrium constant again has trivial 
uncertainty in its statistical precision, but the deviation 
from the input value is approximately 16%. Inspection 
of Table 1 shows that the comparison of input and best- 
fit values of the activities at the reference radial position 
is still extremely satisfactory (within 1 %), but that all of 
the returned values are overestimates of the input 
activities. In other words the relatively small contribu- 
tions to the effects of thermodynamic nonideality arising 



Table 1 Application of Eq. 

(17) for the global analysis 
of simulated sedimentation 
equilibrium experiments 
(15,000 rpm, 20 °C) for 1:1 
complex formation between re- 
actants A and B governed by a 
binding constant of 3,000 M“' 



Run no.’’ 


Input activities (/iM) 


Output activities (^(M)’’ 


Aab (M^‘) 


ZA(rp) 


ZB(rp) 


za('f) 


ZB(rp) 


Run 1 


25.00 


25.00 


24.75 (±0.02) 


24.98 (±0.03) 




Run 2 


25.00 


50.00 


25.71 (±0.02) 


49.76 (±0.03) 


3043 (±4) 


Run 3 


25.00 


100.00 


26.27 (±0.02) 


99.18 (±0.03) 




Run 4 


25.00 


25.00 


25.19 (±0.02) 


25.21 (±0.03) 




Run 5 


25.00 


50.00 


25.27 (±0.02) 


50.36 (±0.03) 


2607 (±4) 


Run 6 


25.00 


100.00 


25.11 (±0.02) 


100.70 (±0.03) 





“ Runs 1-3 refer to distributions simulated on the basis of Eqs. (21) and (22), whereas runs 4-6 refer to 
distributions simulated on the basis of composition-dependent activity coefficients 
’’Numbers in parentheses denote the uncertainty (±2 SD) of the returned estimates 
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from terms of higher order than those employed for 
analysis using the truncated versions of Eqs. (21) and 
(22) are countered in the global curve-htting by an 
increase in the thermodynamic activities of the reactants, 
and hence by a concomitantly diminished estimate of 
^ab- In that regard the situation would be improved 
markedly by the inclusion of third-order terms of Eqs. 
(21) and (22) for the global curve-fitting procedure; 
however, as already noted, such endeavours must await 
expressions for 5 aab and .Sabb- Meanwhile, the current 
global analysis in terms of expressions restricted to 
effects of thermodynamic nonideality arising from 
second-order virial terms should prove adequate for 
most experimental purposes. 



Global analysis of solute self-association 

At present there are no examples of experimental 
investigations in which the chemical interaction between 
dissimilar reactants has been sufficiently weak to war- 
rant the use of solute concentration ranges commensu- 
rate with the existence of a significant effect of 
thermodynamic nonideality due to nonchemical forces 
on the form of the sedimentation equilibrium distribu- 
tion. We therefore revert to published sedimentation 
equilibrium results [6, 16] reflecting the self-association 
of lysozyme in order to illustrate application of the 
global approach to the analysis of experimental data. 

Adaptation of the Hill and Chen approach [10] to the 
problem of characterizing solute self-association equi- 
libria (1 = monomer, 2 = dimer, 3 = trimer, etc.) has 
led to the expression [6] 

c(r)/Mi =zi(rF)iAiW + 2h2[zi(rF)iAi('')]^ 

+ 3bi[zi{rp)\l/i{r)]^ , (31) 

where 

1)2=K2-Bu (32) 

h^K2-K2Bi2 + 2Bl^^Bni/2 (33) 

b4^K4+ B 22 KI -BnK2 + {\ 12) [ABnBi x+b\^~ Bu2]K2 

-(1/3)[5„„-95„5„i + 1653i] . (34) 

Solute concentration is expressed in base-molar terms by 
dividing the weight concentration, c(r), by the molar 
mass of monomer (Mi), and the thermodynamic activity 
of monomer, Zi(r), is given by Eq. (17) with i identified 
as monomer (/ = 1). On the basis that the magnitudes 
will already have been ascribed to Bu, B \2 and B\\\ [16], 
the dimerization (^^2) and trimerization (^^3) constants 
are thus the two invariant parameters to be evaluated by 
global fitting of several dependences of c(r)/Mi upon 
i//i(r), whereas zi(rp) is a local fitting parameter for each 
sedimentation equilibrium distribution. 



Results from four sedimentation equilibrium exper- 
iments on lysozyme [6, 16] are summarized in Table 2, 
which presents experimental details and the zi(rp) values 
returned for each run by global analysis in terms of 
Eq. (31): values of 504 and 4.34 x 10"^ were 
returned for K 2 and K^, respectively. The results and 
best-fit descriptions are also illustrated diagrammatically 
in Fig. 1. Although the values of the equilibrium con- 
stants differ significantly from those of 585 M“’ and 
2.04xl0^M“^ obtained previously [6], the current 
analysis illustrates the feasibility of elucidating a general 
pattern of self-association without matching up over- 
lapping data sets - the procedure used previously but a 
circumstance which may not always be afforded by fhe 
available experimental information. In that regard we 
note that extension of Eq. (31) in an attempt to take into 
account the possible formation of tetramers (the b 4 term) 
led to divergence of the iterative fitting procedure, the 
corresponding finding in the previous study being that 
inclusion of the additional term in Eq. (31) could not be 
justified on statistical grounds [6]. It therefore appears 
that the general iterative procedure is capable of leading 



Table 2 Global analysis of sedimentation equilibrium distributions 
[6, 16] reflecting lysozyme self-association (pH 8.0, / = 0.15, 
15 °C) 



Expt. no. 


Speed 

(rpm) 


r 

(cm) 


c(r)/M, 

(mM) 


zi(rp) 

(mM)“ 


1 


20,000 


6.924-7.147 


0.097-0.338 


0.1806 


2 


15,000 


6.918-7.140 


0.328-0.724 


0.4237 


3 


11,000 


6.908-7.113 


0.614-0.919 


0.5911 


4 


8,000 


6.928-7.155 


1.040-1.368 


0.7837 



“Thermodynamic activity of monomer at the reference radial 
position, taken as 7.050 cm for each experiment: the standard error 
of the estimate is 0.0003 mM in each case 




Fig. 1 Best-fit description ( ) of the self-association of lysozyme 

obtained by global analysis of four sedimentation equilibrium 
experiments (Table 2) in terms of Eq. (31) with rp taken as 
7.050 cm in each experiment. For purposes of clarity only every fifth 
data point is shown 
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to sound conclusions, despite the fact that least-squares 
minimization is not constrained by the demand for 
ranges of common concentration between experiments. 
This finding augurs well for the corresponding global 
characterization of interactions between dissimilar reac- 
tants, for which the choice of rp on the basis of common 
values of CaC^f) and C^{rp) in the various sedimentation 
equilibrium experiments is not an option. 



Concluding remarks 

This investigation has served two major purposes. First, 
it has led to quantitative expressions whereby rigorous 
allowance may be made for the effects of thermo- 
dynamic nonideality on sedimentation equilibrium dis- 
tributions reflecting interaction between dissimilar 
reactants. Second, those quantitative expressions have 
been used to illustrate an analysis which yields global 
estimates of the equilibrium constants and the corre- 
sponding reference thermodynamic activities of the 



reactants pertaining to several sedimentation runs. In 
that regard the present analysis bears obvious similar- 
ities with existing procedures for the study of heteroge- 
neous association by sedimentation equilibrium [2-4], 
but differs therefrom by virtue of its ability to take 
rigorous account of the effects of thermodynamic 
nonideality. 

We conclude this investigation by noting that four 
decades have elapsed since Adams and Fujita [17] drew 
attention to the need for account to be taken of the 
effects of thermodynamic nonideality in the analysis of 
sedimentation equilibrium distributions refiecting mac- 
romolecular equilibria. Despite obvious inadequacies in 
that initial approach, progress towards a more realistic 
quantitative assessment of such nonideality effects has 
been undeniably slow. At last that challenge has been 
met by this development of quantitative expressions 
which take rigorous account of the effects of thermody- 
namic nonideality in interacting systems on the statisti- 
cal-mechanical basis of excluded volume and charge- 
charge interactions. 
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Abstract The scaling relationships 
(Mark-Kuhn-Houwink-Sakurada 
type) are considered for the fol- 
lowing hydrodynamic values: in- 
trinsic viscosity, velocity 
sedimentation coefficient and 
translational diffusion coefficient 
and the concentration sedimenta- 
tion coefficient (Gralen coefficient). 
By also taking into account the 
mass per unit length we can obtain 
“normalized scaling plots” which 
provide a convenient way of rep- 



resenting the rigidity of linear 
polymers. 



Key words Hydrodynamic 
values • Equilibrium rigidity • 
Scaling relationships 



Introduction 

Molecular hydrodynamics provides a powerful means 
for studying polymers and macromolecular systems. The 
principal experimental values we can measure are the 
coefficients of translational diffusion (D) and velocity 
sedimentation (j'), which both manifest translational 
motion, and the intrinsic viscosity {[rj]), which manifests 
the rotational motion. Fundamental relations exist 
which connect these values with the molecular weight 
(M) and the size of a polymeric chain (in terms of either 
{h^), the mean square end-to-end distance, or (s^), the 
mean square radius of gyration) are the well-known 
relations of Einstein-Stokes, Kirkwood-Riseman, Sved- 
berg and Flory [1-5] which are, respectively 



D^kT/f (1) 

/ = ( 2 ) 

s^{\-vp,)M/Nj^ (3) 

[r]] = ^Q{h^f^/M . (4) 



In these relations, / is the translation frictional coeffi- 
cient, rjQ the viscosity of solvent, T the temperature (K), 
Aa Avogadro’s number, k the Boltzmann constant, and 
Oq and P() are dimensionless hydrodynamic parameters. 
These parameters (Oq and Pq) are dependent on the 
relative contour length {LjA, where L is the contour 
length and A is the Kuhn segment length, see later), the 
relative transverse dimension of the chain {dj A, where d 
is hydrodynamic diameter of the chain) and also on the 
thermodynamic quality of the solvent [6]. 

The key molecular parameters are the molecular 
weight and the size of the macromolecule. The molecular 
weight may be characterized by M = MlL, where Ml is 
the molecular weight per unit length. This parameter Ml 
is distinctive of a particular type of macromolecule. 

The size is determined by the equilibrium rigidity, the 
diameter of the chain and the excluded-volume effect. 
The equilibrium rigidity may be defined for sufficiently 
long linear chains in the 0 condition (Gaussian statistic) 
as the ratio of the mean square end-to-end distance to 
the contour length A = {h^)/L [2, 6, 7]. This ratio is 
called the Kuhn segment length. Another characteristic 
of equilibrium rigidity is the persistence length, a, which 
is a half the Kuhn segment length: A = 2a [2, 6, 7]. 
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Molecular information is also contained in the first 
coefficients of the concentration expansion for these 
experimental values. For instance, the most widely 
known is that for the intrinsic viscosity [rj] = k\, that is 
the first concentration coefficient in the expansion of the 
dynamic viscosity of a solution 

n — + he + k2C^ ^ ) (5) 

= [fy] = lim(jy - (6) 

with the concentration, c, in grams per cubic centimetre, 
and the intrinsic viscosity, [rj], in cubic centimetres per 
gram. 

In some cases molecular information can also be 
obtained from comparison of with the concentration- 
dependence “Gralen” coefficient (h), [8-10] from the 
relation 

■5^' +hc-\ ) , (7) 

with h also in cubic centimetres per gram. In terms of 
molecular parameters 

k, = , ( 8 ) 

where 7? is a dimensionless parameter. 

The values of [t]], sq and Dq are also directly related to 
the molecular weight by the well known Mark-Kuhn- 
Houwink-Sakurada (MKHS) relationships [1, 2, 7]: 

[fl] = (9) 

so = K,M^^ ( 10 ) 

( 11 ) 

These are often referred to as hydrodynamic “scaling 
relations”. The additional scaling relations may be 
obtained for any pair of experimental values 
( ['ll ; ■^0 ^ , etc) . Particularly informa- 

tive is the relation of to Sq {ks ^ since this relation 
can be obtained in a single series of sedimentation 
velocity experiments [9, 11]. 



Discussion 

Hydrodynamic theory of a wormlike chain 
with excluded-volume effect 

A more complete interpretation of experimental hydro- 
dynamic values (^0 or Dq) and [rj] can be derived by 
applying the theories of the translational-friction coef- 
ficient [12] and intrinsic viscosity [13] for wormlike 
chains, after taking into account excluded-volume 
effects. In these theories [12, 13] the Porod statistic is 
applied for the neighbouring (adjacent) segments and 
the excluded-volume effects take into account the remote 



segments by the parameter e in the relations 
(/j2) - - 7^'+“= [14]. 

The analytical expression may be obtained [15, 16] only 
for translational friction on the basis of the theory [12]: 

[ijiWA = M[D]Bc-^ = Mf-^rjoP 

= [3/(1 - 8) (3 - 

P {M]^P /?>n)^nA/d — d/hA — (p{e)] . (12) 

The asymptotic limit (M ^ oo) for the purely nondrain- 
ing case corresponds to 

/ = [rjoPoh - e)(3 - ■ 

(13) 

For the intrinsic viscosity only the asymptotic limit 
(M oo) is currently known theoretically [13, 15, 17]; 

X [1 + (5/6)8 -h (1/6)82 ]-‘m('+^*>/2 ^ (14) 

In the case of 8 = 0 these relations transform into the 
well-known Flory (intrinsic viscosity) and the Kirk- 
wood-Riseman (translational friction) relations for non- 
draining Gaussian coils. Since (1 + 2e)l2 = b,, and 
ZjjI = (1 +8)/2 [14] Eqs. (13) and (14) reveal the physical 
sense of the MKHS parameters (K^, and K^) and their 
correlations with the scaling indices become clear [15]. 

The analysis of these relations (Eqs. 12-14) allows us 
to enumerate the molecular parameters (except M) 
which underpin [rj], sq and other experimental hydrody- 
namic values such as 

1. The Kuhn segment length (which characterizes the 
equilibrium rigidity of the chain). 

2. Ml - the mass per unit length. 

3. d- the hydrodynamic diameter of the chain. 

4. 8 - the thermodynamic quality of the polymer-solvent 
system. 



MKHS relationships and fractal concept 

The fulfilment of the MKHS relationships reflects the 
fundamental principle of scale invariance for polymeric 
molecules [18]. This principle applies not only to linear 
polymers, but also to branched polymers. The scale 
indices b^, b^ and b^ are simply related to the fractal 
(scale) dimensionality of these particles (i.e. in this case, 
the macromolecules). 

The “fractal” concept was introduced by Mandelbrot 
[19] and is now widely applied in physics [20, 21]. The 
physical fractal may be formed by the connection of the 
separate particles into a single loose integer, called a 
“cluster”, which has, as a rule, a noninteger fractal 
dimension. This dimension may be determined from the 
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dependence of the number (N) of single particle clusters 
on the distance r on which the number is calculated: 

. (15) 

Since for identical particles N is directly proportional to 
the mass (weight) M, it is possible to give the weight 
distribution of clusters in terms of size: 

. (16) 

An individual macromolecule is regarded as a fractal 

object (cluster of connected repeat units, connected 
monomer cluster), which may be represented by the 
actual fractal dimension [19]. The relations (Eqs. 1^, 8) 
and (Eqs. 9-11) provide us with the possibility of 
relating the fractal dimension to the scaling indices of 
MKHS relationships: 

= 3/{l + b,)^{b,^ + 3)/{bk, + l) . (17) 

This use of the fractal concept provides us with the 
possibility of relating completely different objects with the 
same fractal dimension or same scale invariance. Erom 
the point of view of molecular physics and molecular 
hydrodynamics the fractal concept is a more general one 
than is the simple use of particular properties of 
individual objects. Molecular hydrodynamics allows us 
in fact to estimate not only the scaling indicies (fractal 
dimension), but also to interpret at the molecular level 
parameters such as Oq, Pq, K,^, and [1-6]. 



Normalized scaling relations 

It is possible to eliminate from our consideration the 
effects of different Ml values by using the corresponding 
normalized scaling relations. 

We will consider the dependence of the terms [f/]ML, 
[j]/Ml and [D] on the contour length of the molecules 
L = MjM\^ and /CsMl on [5 ]/Ml on a double-logarithmic 
scale, where [ 5 ] = SQt]Q/(l-vpo) and [D] = DotjojT. In these 
cases the terms [r]]Mi^, [^]/Ml, [D] and k^Mi^ following 
Eqs. (l)-(4) and Eq. (8) will depend first of all on the size 
of the coil in the solution. The normalized MKHS plot is 
shown in Fig. 1. In this plot all possible conformations of 
linear macromolecules are repres-ented. 

We have now found that the normalized (reduced) 
scaling relations allow the classification of polymers 
according to the size of the molecules, which will depend 
in the main on the equilibrium rigidity of the chain. This 
preliminary classification of the macromolecules on the 
basis of their rigidity (extra rigid, rigid, semiflexible, 
flexible) is important for the choice of the corresponding 
theory for the interpretation of hydrodynamic data 
(with or without the excluded-volume effects). 

The same principles underlie the plot of k^Mi^ versus 
[j]/Ml (Fig. 2) as discussed by us earlier [22]. It is clear 



13- 



12 - 



IIJ 



□ B 

O c 

A D 

V s 

O F 

-I- G 
X H 

^ I 

- J 



extra-rigid 



o 0 



□ V 

a Vo 
V 



, V 



* * 









rigid 



■ T ~ flexible (9-condition) 



O 






A 

A 

A A ^ 



0 0 - T ' 



globular 



10 - 



log(MM|_-i 108) 

Fig. 1 Normalized double-logarithmic plot of against MM^ * 

for the following polymer-solvent systems: B - schizophylan in water 
[26], C - DNA in aqueous buffer [27-30], D - globular proteins in 
aqueous buffer [1, 31], E - xanthan in 0.1 M NaCl [32], F - poly(l- 
vinyl-2-pyrrolidone) in 0.1 M sodium acetate [15], G - cellulose nitrate 
in ethylacetate [33], H - pullulan in water [34-38], / - methylcellulose 
in water [39], J - poly-a-methylstyrene in cyclohexane (6 condition) 
[40^3] and in rra«.s-decalin (6 condition) [43], K - polystyrene in 
cyclohexane (0 condition) [42, 44] 
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Fig. 2 Normalized double-logarithmic plot of against [ijM^ * 
for the same polymer-solvent systems as shown in Fig. 1 



evidence of the usefulness of a direct comparison of the 
values for and so, determined from a single series of 
experiments. 

It is worth noting that the behaviour represented in 
Figs. 1 and 2 is similar in several important ways. First 
of all the terms [iy]ML and and the slopes of their 
dependencies are greater for more-rigid polymers. This 
is because the terms [rj]Mi^ ^ ksMi^ ^ jL 

follow from Eqs. (4) and (8), where V is the volume 
occupied by macromolecule and L is its contour length. 
This ratio characterises the volume occupied per unit 
length of macromolecule (it is easy to choose the length 
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Fig. 3 Normalized double-logarithmic plot of [ilM^ ’ against ' 
for the same polymer-solvent systems as shown in Fig. 1 

of a repeat unit in this case). Obviously these values are 
greater for rigid polymers, and small for the compact 
molecules (e.g. globular proteins or dendrimers [23, 24]). 
By contrast the dependence of versus 

(Fig. 3) reveals the opposite tendency because 
[s]/M\^ ^ L/ , and this ratio characterises the 
degree of coiling or the contraction of a macromolecule; 
this ratio is obviously greater for small and compact 
molecules and smaller for rigid ones. In this way the 
sedimentation coefficient is more sensitive to changes in 
molecular weight for compact molecules and is smaller 
for rigid ones [25]. Similar arguments may be applied to 
the [£)] plot. 

We can now see how it is possible, using the 
equilibrium rigidity parameter, to develop the concept 
of a “master curve”, bringing together all types of 
polymer conformation. The plot required is one in which 
[r]\Mi^lA^ is plotted as a function of MjMj^A (Fig. 4). 
This dependence, which follows directly from Eq. 4, 
shows that polymers whose equilibrium rigidities vary 



Fig. 4 Double normalized double-logarithmic plot of [ri]MJA^ 
against (master curve) for the same polymer systems as 

shown in Fig. 1 

by up to about 200 fold [from flexible chains such as 
pullulan, poly(vinyl pyrrolidine) and poly(styrene) to 
extra-rigid rods such as shizophylan and xanthan)] all 
follow the same trend when represented in this way. 
There are small deviations from this curve, which in the 
upper region may be attributed to the excluded-volume 
effect, and in the lower region to the influence of the 
diameter of the chain, decreasing the draining of the 
macromolecules. In this new approach we have devel- 
oped (and intend in the future to develop further) a 
formalism which allows the well-known MKHS rela- 
tionships to be alternatively described in terms of the 
fractal dimension associated with the polymer, in 
particular with the equilibrium rigidity parameter of 
the linear polymer chain. It is clear that this newly 
derived relationship enables us to give, over a very wide 
range of solution types and parameters, an integrated 
description of polymer hydrodynamic behaviour. 
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Abstract Solution properties of 
macromolecules can be combined to 
form dimensionless quantities that 
are universal in the sense of de- 
pending on the shape or conforma- 
tion of the macromolecular solute, 
being independent of its size. A 
number of such quantities have been 
formulated at different times by 
different authors, and as a conse- 
quence they differ widely from one 
to another, not only in their notation 
and the order of magnitude of their 
values, but also in the way in which 
the primary solution properties enter 
in them. In this work we propose a 
new set of universal size-independent 
quantities in a systematic and con- 
sistent way. First, solution proper- 



ties are expressed in the form of radii 
of an equivalent sphere. Then the 
equivalent radii are combined to give 
ratios of radii. We propose the use of 
the ratios of radii as indicators of 
macromolecular conformation. Ex- 
amples of their values are given for 
three macromolecular structures; (1) 
ellipsoids, with application to glob- 
ular proteins, (2) oligomeric arrays 
of subunits, with seed globulins as 
examples and (3) flexible-chain 
macromolecules, illustrated by 
polystyrene in two solvents. 

Key words Rigid and flexible mac- 
romolecules • Conformation • 
Globular proteins • Seed globulins • 
Polystyrene 



Introduction 



Hydrodynamic properties, such as the sedimentation and 
diffusion coefficients, 5 and Dt, the intrinsic viscosity, [rj], 
and equilibrium solution properties such as the radius of 
gyration, Rg, can be combined to construct dimension- 
less quantities that are universal in the sense of being 
independent of the size of the macromolecular particle, 
while they depend more or less sensitively on its shape or 
conformation. Typical examples are the Scheraga-Man- 
delkern parameter [1], p, given by 



100 1/3/ 



( 1 ) 



Eq. (1), M and v are, respectively, the molecular weight 
and the partial specific volume of the macromolecule, 
and riQ the solvent viscosity. Other classical size-inde- 
pendent combinations are the Flory parameters [2], that 
combine the intrinsic viscosity, [?/], and the radius of 
gyration, Rg. 



(bo 



[t]]M 

WrI 



( 2 ) 



and another combining the friction coefficient with the 
radius of gyration; 



/ 

6tiRg 



( 3 ) 



The friction coefficient / is derived from the measured 
sedimentation coefficient, s’, as / — M{\ — vp)/{N/^s), or 
from the diffusion coefficient as/ = kTjDi where k is the 
Boltzmann constant and T the absolute temperature. In 



These quantities have been proposed along the years, 
at different times and by different eminent scientists, 
after whom they are named. As a consequence of the 
diversity in their origin, the set of classical universal size- 
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independent quantities suffers some inconveniences. 
Two of them, unimportant but somehow cumbersome, 
are related to the diversity not only in the symbols 
employed to represent them, but mainly in the disparity 
of their numerical values and the order of magnitude for 
typical cases; thus, j] takes the values of 2.1 12 x 10^ and 
about 2.3 X 10^ for a sphere and a random coil, 
respectively, while the values for these two structures 
in the case of the Oq are 9.23 x 10^^ and 2.6 x 10^^. 

A more important aspect is their different sensitivity 
to macromolecular conformation, as illustrated by the 
numerical examples that we have given in the above 
paragraph. It is notorious that the Scheraga-Mandel- 
kern parameter is very insensitive to the specificities of 
the macromolecular shape, while the Flory parameters 
changes much more pronouncedly from one conforma- 
tion to the other. In principle this is a consequence of the 
combination involved, one case, and [r]]-R^ in the 

other, but the sensitivity also depends on the way that 
the compound quantity has been defined: fhe intrinsic 
viscosity enters as in p and as [rj] in Oq. If the 

Scheraga-Mandelkern parameter had been defined as 
P' = = M[rj]rii^/ (100 involving fhe rafio 

rather than the relative difference between its 

numerical values would be more noticeable. 

Anyhow, the classical and other, more recently 
derived, size-independent functions have been very 
successfully applied as indicators of macromolecular 
shape. This has been done for rigid macromolecules, 
modelled as ellipsoidal shapes [3] or as arbitrarily shaped 
bead models [4], and also for flexible chain polymers [5]. 
In the present work, we propose the use of a set of 
universal, size-independent quantities that are defined in 
a rather consistent way, so that the above-commented 
inconveniences of the classical functions are removed. 
We present the numerical values for some commonly 
employed models of rigid and flexible macromolecules, 
and we show some examples that illustrate their 
applicability for the characterization of the macromo- 
lecular conformation. 



Theory 

Ratios of equivalent radii 

As a preliminary step for the subsequent definition of the 
new universal shape-dependent quantities, we first define 



the equivalent radii for the various solution properties. 
For some property, X, the equivalent radius is defined 
as the geometrical radius of a spherical particle that 
would have the same value X experimentally obtained 
for the particle. The solution properties that we employ 
are: the friction coefficient, /; the intrinsic viscosity, [t]]; 
the radius of gyration, R^, and the particle’s volume, V. 
Other solution properties could be included in this 
analysis, but then the number of ratios of radii (see 
below) would be much larger. 

Expressions for the various equivalent radii ut, U/, Ug, 
and Qv are collected in Table 1. We note that, on the 
contrary to the primary properties, that display different 
sensitivities to size and shape, all the equivalent radii 
depend proportionally on a linear dimension of the 
particle; if the particle is uniformly expanded by a given 
factor, all the radii are multiplied by the same factor. 

The universal size-independent quantities are defined 
as ratios of the equivalent radii. With the properties 
considered here, the following combinations can be 
formulated: 
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(9) 



All these ratios of radii have a remarkable property: 
their values for a spherical particle are equal to unity, 
and take values larger than unity for any other 
conformation, but always with the same order of 
magnitude. As illustrated in next section, typical values 
for most macromolecular structures are between 1 and, 
say, 5 (not very elongated). 



Table 1 Expression tor the 
equivalent radii for various 


Property 


Symbol 


Acronym 


Equivalent radii 


solution properties 


Translational friction coefficient 




T 


ar = / /6ti:i/o 




Intrinsic viscosity 




I 


ai = (3/107i7Va)‘^^([j?]M)'^^ 




Volume 


V 


V 


ar = (3/47i)'^V'/3 




Radius of gyration 


R, 


G 


ac = 
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Hydration 

The application of universal shape functions, either the 
classical ones or the new ratios of radii, requires 
the consideration of an unclear problem; hydration. In 
the dehnition of shape functions, either the classical ones 
or the ratios of radii, it is implicitly assumed that the 
particle “seen” by the various solution properties is the 
same. Then, for compatibility with hydrodynamic 
properties, the particle volume used for the calculation 
of uj.'must be the hydrated volume, i.e., Vhyd- From the 
molecular weight and partial specihc volume, M and v, 
we can readily calculate the anhydrous volume, 
Vanh — vM/N\. For large particles, the thickness of the 
hydration layer will be small in comparison with the size 
of the macromolecule and both volumes will be approx- 
imately equal. However, for other macromolecules, 
particularly small or medium sized proteins, this ap- 
proximation is not valid. It is commonly assumed that 
the hydration effect causes a uniform expansion of the 
macromolecule (in terms of the ellipsoidal models 
employed below, p is the same for the hydrated and 
the “dry” particle). We must take 

F= Fhyd = /*'Fa„h (10) 

where h is the hydration expansion factor. The quantity 
usually employed to express hydration of proteins is the 
ratio 3, of the grams of water per gram of macromol- 
ecule. Then the expansion factor is 

h^{l + 3/vpf^ ( 11 ) 

The most delicate aspect is the treatment of hydration 
effects in the radius of gyration. There is some contro- 
versy regarding the amount of hydration that is detected 
by scattering; some authors [6] have argued that such 
amount is smaller than for hydrodynamic properties but 
not negligible. We have proposed to treat this situation 
[7] by means of another expansion factor, t, that relates 
the experimental radius of gyration and the anhydrous 
value 

7?g(exp) = tf?g(anh) (12) 

Note that 1 < t < h, where the extreme cases are that 
scattering sees no hydration at all (t = 1) or the full 
hydration {t = /i).The radius of gyration to be used in 
the calculation of the equivalent radii must be the one 
that we would have for the full hydrated particle, and 
can be estimated suppressing the t factor and applying 
next the h factor: 

Rg = 7?g(hyd) = (A/07?g(exp) (13) 

For the purpose of the applications to be presented later, 
we have made a compromise, taking for t the midpoint 
between the two extremes, t—{h+\)/2, so that 
hlt^2h/{h+\). 



Models and applications 

In this section we describe the values of the ratios of 
radii for some simple but very useful models: ellipsoids, 
oligomeric structures, and flexible chains, and we apply 
this technique to typical macromolecules that are 
represented by these models. 

Ellipsoidal models; application to a globular protein 

Ellipsoidal models are useful to describe primarily the 
non-spherical shape of rigid, compact macromolecules 
such as globular proteins, and also to give estimations of 
the behavior of rigid elongated structures. Indeed, the 
analysis of macromolecular size and shape in terms of 
ellipsoidal models has been a motivation for the 
definition and usage of universal shape functions, and 
for this purpose the classical models have been used by 
some authors [3, 8]. Other workers have made the shape 
analysis of proteins using ellipsoidal models in terms of 
equivalent radii and their ratios [9, 10]. 

For the illustrative purposes of this paper, we 
consider only prolate ellipsoids of revolution; the case 
of oblates is trivially similar and the study could be 
extended with some work but without much difficulty to 
triaxial ellipsoids. 

For ellipsoids with semiaxes a, a, and h, and axial 
ratio p = bja, the friction coefficient and the intrinsic 
viscosity can be calculated from the equations of Perrin 
[11] and Simha [12]. The radius of gyration and the 
particle volume are given by — [{2a^ +h^)/5]*^^ and 

V — Ana^b/1>. The universal size-independent quantities 
are functions of the axial ratio, p. Numerical values of 
the ratio of radii are displayed in Fig. 1. 

A common application of ellipsoidal models is the 
determination of the overall size and shape of globular 
proteins. We have chosen a well-studied protein, lyso- 
zyme, to illustrate the applicability of the ratios of radii 
to estimate the shape. Experimental data for lysozyme 
are: M = 14211 (from chemical composition), 

V — 0.703 cm^/g [13], A = 11.1 x 10”^ cm^/s (a consen- 
sus of various data, from sedimentation, diffusion, and 
scattering measurements [14]), [tj] = 3.0 cm^/g [15, 16]. 
Regarding the experimental value of the radius of 
gyration, there is some scatter in the literature data, 
that range from Rg = 15.2 A [13, 16], to Rg = 13.8 A 
[17]. We have adopted a consensus value, Rg = 14.5 A, 
which surely is within ± 1 A of the true value. With 
these data, and assigning a value to 3 [and t = (h + l)/2], 
the effective volume and effective radius of gyration are 
evaluated, and from them we calculate a set of 
equivalent radii and a set of ratios. On the other hand, 
calculated values of the ratios can be obtained for 
ellipsoids with varying p. The deviation between the 
experimental and calculated sets can be measured by the 
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b/a 



Fig. 1 Variation of the ratios of radii with the axial ratio, p, of prolate 
ellipsoids, in two ranges of p 



sums of square differences, Sz(Zcai — Zexp)^, where Z 
runs over six available ratios of radii. This sum is 
minimized with p and d as adjustable parameters, and 
the least deviation is found for p = 1.8 and d = 0.4 g/g 
and the corresponding theoretical ratios are listed in 
Table 2. The analysis is more sensitive to d than to p; 
therefore, the former quantity is statistically more 
reliable than the latter. This value for hydration is in 
the range that is presently accepted. The overall 
dimensions of lysozyme in the crystal are about 
45 X 30 X 30 A, so that we would expect p ~ 1.5. 

The shape analysis of ellipsoidal shapes presents a 
difficulty caused by the low sensitivity of some universal 
size-independent functions to p. For the illustrative 
purposes of this paper, we have restricted our analysis to 



the prolate shape, but it can be remarked that some 
universal functions for oblate ellipsoids are even less 
sensitive to shape than for prolates. An extreme case is 
the IT combination for oblates [9]. Anyhow, the results 
calculated with the crystallographic estimate, p = 1.5 
(shown in Table 2), do not differ greatly from those of 
the best htted for p = 1.8. A more elaborate analysis, 
in which the error bars of the properties would be 
considered, probably would not differentiate between 
the two values of p and, at any rate, this effort could be 
of scarce significance, because the primary model, i.e., 
the prolate ellipsoid, is not a very good description of 
the shape of lysozyme. 



Oligomeric structures; application to seed globulins 

For multisubunit proteins, composed of nearly spherical 
subunits arranged with a polygonal or polyhedral 
geometry, oligomeric arrays of spheres are useful to 
describe their solution properties. Values of oligomer-to- 
monomer ratios of a given property have been given in 
the literature [18, 19]. The results can be easily recast in 
the form of ratios of equivalent radii for pairs of 
properties. As illustration of such results, we present in 
Table 3 values for hexameric structures, composed by 
six spherical subunits. 

We again note the different sensitivity to shape of the 
various ratios. Again, the least sensitive is IT, where we 
note incidentally that the values for two structures are 
slightly under unity, which is due to residual deficiencies 
in the hydrodynamic treatment (the cubic substitution) 
used in their calculation [20]. The largest sensitivity, 
detected as largest departures of the ratios from unity, 
is found for the GV ratio. 

As an example of this kind of structure, we present an 
analysis of the structure of seed globulins. In a previous 
paper [21], this aim was pursued using the classical size- 
independent quantities, and now we repeat the analysis 
with our ratios of radii. From literature data for oilseed 
and rapeseed globulins [22-26] compiled by Carrasco 
et al. [21], we compute the equivalent radii. (Parenthet- 
ically we note some discrepancy in the literature values 
of the sedimentation coefficient: while a value of 11.8 S 
is given for sunflower globulin [26], other authors [22] 



Table 2 Ratios of radii for lysozyme 





Experimental 
(5 = 0.4 


Ellipsoid 

p = 1.8 


Ellipsoid 
p = 1.5 


IT 


0.994 


1.005 


1.002 


TV 


1.049 


1.032 


1.015 


GT 


1.098 


1.054 


1.025 


IV 


1.043 


1.037 


1.017 


GI 


1.105 


1.049 


1.022 


GV 


1.152 


1.088 


1.040 



Table 3 Ratios of radii calculated for arrays of six spherical sub- 
units 



Structure 


GT 


IT 


TV 


GI 


IV 


GV 


Sphere 


1.000 


1.000 


1.000 


1.000 


1.000 


1.000 


Hexagonal ring 


1.221 


1.000 


1.248 


1.221 


1.248 


1.524 


Trigonal prism 


1.055 


0.987 


1.153 


1.070 


1.138 


1.217 


Octahedron 


1.018 


0.991 


1.126 


1.027 


1.115 


1.146 


Linear 


1.755 


1.089 


1.418 


1.611 


1.544 


2.488 
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report 12.8 S, which is the value also given in a recent 
review [27].) 

Regarding hydration, we consider three possible 
values for S, for which the corresponding hydration 
expansion factor is evaluated according to Eq. (11). The 
effective radius of gyration is calculated from Eq. (13) 
with h/t = 2h/{h+ 1 ) , as in the above study of lysozyme. 
Then, the ratios of radii are calculated, and their values 
are listed in Table 4. These values are to be compared with 
those in Table 3 for the various structures, looking for the 
structure that gives the best match. This is done in Table 4 
for the various ratios of radii for the two globulins, and 
for the various possibilities for hydration. In most cases, 
the best fitting structure is an octahedron, in agreement 
with the conclusion of our previous work [21]. 

Elexible-chain polymers; application to polystyrene 
in different solvents 

In contrast to the case of the rigid structures described 
above, we have also considered the applicability of our 
ratios of radii to flexible chain macromolecules. Such is 
the case for most synthetic polymers in solution, and for 
biopolymers such as polysaccharides and denaturated 
proteins. These macromolecules present the typical 
random coil conformation. This structure is not com- 
pact so that the volume V cannot be dehned. Experi- 
mental values are usually available for / (from j or D^}, 
[t]], and Rg. It was indeed for the random coil 
conformation that Elory proposed the parameters Oq 
and Pq [2], although they can also be applied to rigid 

Table 4 Ratios of radii for seed globulins, obtained from experi- 
mental data and the indicated hydration parameters: “for 
[rj] = 4.2 ml/g; *’for [rj] = 3.6 ml/g. The attachment letters mean 
that the value is best fitted by an octahedron (o) or a trigonal 
prism (p) 



Hydration, 5 


Low 

(0.20 g/g) 


Medium 
(0.35 g/g) 


High 
(0.50 g/g) 


Sunflower seed 


GT 


0.93 (o) 


0.95 fo) 


0.97 (o) 


IT 


1.03 (o) 


1.03 (o) 


1.03 (o) 


Ijh 


0.98 (p) 


0.98 (p) 


0.98 (p) 


TV 


1.18 (p) 


1.12(0) 


1.08 (o) 


GT 


0.90 (o) 


0.93 (o) 


0.94 (o) 


Gl'^ 


0.95 (o) 


0.97 (o) 


0.99 (o) 


GV 


1.15 (o) 


1.15 (o) 


1.15 (o) 




1.22 (p) 


1.16 (p) 


1.11 (0) 




1.16 (p) 


1.10 (o) 


1.05 (p) 


Rape seed 


GT 


0.97 (o) 


0.99 (o) 


1.01 (o) 


IT 


1.00 (o) 


1.00 (o) 


1.00 (o) 


TV 


1.18 (p) 


1.12(0) 


1.07 (o) 


GI 


0.97 (o) 


0.99 (o) 


1.01 (o) 


GV 


1.19 (p) 


1.19 (p) 


1.19 (p) 


IV 


1.18 (p) 


1.12(0) 


1.07 (o) 



structures. A key aspect in the conformational behavior 
of flexible-chain macromolecules is solvent quality; in 
theta solvent/temperature conditions the coil obeys the 
statistics of the so-called phantom chain, but in a good 
solvent the coil is expanded due to excluded volume. The 
different conformation must be reflected in the universal 
quantities, whose numerical values have been the subject 
of successive revisions as the hydrodynamic theory has 
been improved. Good estimates of Oq and Pq have been 
obtained by Monte Carlo simulation: Oq = 2.53 x 10^^ 
and Pq = 6.0 for theta conditions [28, 29], and 
Oq = 1.9 X 10^^ and Pq = 5.3 in good solvent condi- 
tions [30]. These results can be recast in the form of 
ratios of radii, for which the values are given in Table 5. 

To illustrate the use of the ratios of radii for flexible 
polymers, we have chosen the well-documented proper- 
ties of polystyrene in various solvents and temperatures. 
In the literature, we find solution properties, Di or .s, [rj], 
and Rg of polystyrene, expressed in the form of property 
versus molecular weight relationships. Results are ava- 
ilable in the 0 solvent cyclohexane at 35 °C [31-33] and 
in the good solvents ethylbenzene at 25 °C [34, 35] and 
toluene at 20 °C [36, 37]. Interpolating in the property- 
M relationships for a sufficiently large value of M, of the 
order of 10^, numerical values of the properties can be 
estimated, and from them we calculate the equivalent 
radii and the ratios of radii that are presented in Table 5. 
We see that the agreement between experimental and 
calculated ratios of radii is excellent. 

Usually, solvent quality is determined from the 
exponent in the property-M relationships, which re- 
quires the determination of properties for various 
samples with different M. Looking at Table 5, we note 
that the ratios of radii take appreciably different values 
in good and theta solvents, and therefore they can be 
used to ascertain solvent quality with data for a single 
sample. 



Computer programs 

We have written computer programs to evaluate ratios 
of equivalent radii; these are publicly available and can 



Table 5 Ratios of radii theoretically calculated for flexible polymer 
chains, in 0 and good-solvent conditions, and obtained from 
experimental data for polystyrene in a 0 solvent and two good 
solvents 

0 conditions Good-solvent conditions 



Theoretical Cyclohexane Theoretical Ethylbenzene Toluene 
35 °C 25 °C 20 °C 



GI 


1.53 


1.53 


1.69 


1.77 


1.74 


GT 


1.65 


1.68 


1.87 


2.07 


1.88 


IT 


1.08 


1.10 


1.11 


1.17 


1.08 
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be downloaded from our web site, http;//leon- 
ardo.fcu.um.es/macromol, where the computer pro- 
grams HYDRO [38] and SOLPRO [4, 7] can also be 
found. For bead models, the calculation of the ratios is 
within the latest version of SOLPRO (file solpro-x.f, 
where x is a version number), while for revolution 
ellipsoids we provide a separate subroutine (file ufelcy- 
x.for). 
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Abstract Biopolymers of simple 
overall shape (nonconjugated and 
conjugated proteins, viruses, ribo- 
nucleic acids) can be modeled by 
whole-body approaches, approxi- 
mating their shape by prolate/ 
oblate ellipsoids of revolution or 
spheres. A sophisticated rearrange- 
ment of the theoretical formalism 
already applied for the prediction of 
hydrodynamic data from solution 
scattering or crystal data allows the 
inverse procedure, the prediction of 
structural parameters on the basis 
of hydrodynamic data. Sedimenta- 
tion and diffusion coefficients, in 
addition to molar masses, partial 
specific volumes and values for 
hydration, are used to predict 
structural parameters typical of 
small-angle X-ray scattering studies 
(radii of gyration, volumes, surface- 
to-volume ratios and surface areas). 



together with estimates of axial 
ratios. For particles of simple shape 
such as globular proteins, fair 
agreement between observed and 
predicted values was achieved. Far- 
reaching conformity between ex- 
periments and calculations was also 
obtained for the prediction of subtle 
ligand-induced shape changes. A 
critical assessment of errors reveals 
the validity of anticipations of 
structural parameters from hydro- 
dynamic data. The accuracy to be 
obtained, however, turns out to be 
less than for the reverse procedure. 
Use of viscosity data for parameter 
predictions cannot be recommended. 



Key words Biopolymers • Analytical 
ultracentrifugation • Viscometry • 
Small-angle X-ray scattering • 
Parameter predictions 



Introduction 

To understand and compare the information provided 
by different techniques of structural analysis in 
solution and in crystals, quantitative correlations 
between the parameters obtained by various physico- 
chemical techniques have to be established. In this 
context, the results from solution scattering [light 
scattering, small-angle X-ray scattering (SAXS) and 
neutron scattering] and hydrodynamic techniques 
(analytical ultracentrifugation, viscometry, densimetry, 
size-exclusion chromatography) have to be considered, 
together with data from high-resolution methods such 



as X-ray crystallography, NMR spectroscopy or 
electron microscopy. 

For correlating structural and hydrodynamic param- 
eters, biopolymers can be modeled by simple geometric 
strnctures snch as spheres, prolate or oblate ellipsoids of 
revolution, triaxial ellipsoids, rods, etc. Snch whole- 
body approaches to obtain structural parameters from 
hydrodynamic data and to predict hydrodynamic pa- 
rameters from scattering data have a long tradition (see 
Refs. [1-25] and references therein). More recent appli- 
cations apply bead modeling to simulate the structure of 
complex molecules [26-37], including predictions based 
on high-resolution 3D structures [28, 31, 33, 37]. 



In general, hydrodynamacists use sedimentation and 
diffusion coefficients and intrinsic viscosity as principal 
hydrodynamic probes, in addition to the second virial 
coefficient, several decay constants and relaxation times. 
Establishing hydration-independent shape functions 
turned out to be particularly successful [7, 12, 19]; 
however, besides the high sensitivity of some functions 
to experimental errors, the poor sensitivity to shape is a 
serious drawback in the case of relatively isometric 
molecules (e.g., globular proteins with axial ratios less 
than 2). In connection with the interpretation of 
scattering data, the so-called G function [19] should be 
addressed, since the radius of gyration Rq (obtained 
either from light or small-angle scattering) is involved in 
the calculations. For recent reviews on the hydrody- 
namic analysis of macromolecules see Refs. [38-40]. 

For the comparison of X-ray data (SAXS, X-ray 
diffraction) with the results from hydrodynamics, SAXS 
investigators usually prefer another type of whole-body 
approach. As shown by Kumosinski and Pessen [14, 41, 
42], use of simple geometric forms (spheres, prolate or 
oblate ellipsoids of revolution) is straightforward and 
successful for modeling hydrated globular proteins and 
spherical viruses in solution to predict hydrodynamic 
properties. Eater on, Muller et al. [18] succeeded in 
modeling small ribonucleic acids. Recently, we applied 
similar approaches to nonstandard proteins (conjugated 
proteins, anisometric and multisubunit proteins and 
high-molecular-weight ribonucleic acids) and extended 
the existing approaches and correlations considerably, 
including the repertoire of possible input and output 
parameters [43^7]. Since SAXS parameters [48, 49] 
implicitly contain hydration, no assumptions concerning 
hydration have to be made. In particular, sedimentation 
and diffusion coefficients could be predicted reliably 
from molar masses, partial specific volumes and X-ray 
data (radii of gyration, hydrated volumes and/or 
surface-to-volume ratios). The prediction of intrinsic 
viscosities turned out to be less successful. If atomic 
coordinates were used for the predictions, appropriate 
hydration contributions had to be considered. 

Following the guidelines in our above-mentioned 
approaches [43^7], in this study we convert the 
theoretical formalism used previously, in order to 
predict structural parameters from hydrodynamic data. 
On the basis of known sedimentation and diffusion 
coefficients as well as intrinsic viscosities, and applying 
molar masses and partial specific volumes as auxiliary 
data and, if necessary, reasonable assumptions for 
hydration, structural parameters such as axial ratios, 
radii of gyration, hydrated volumes, surface-to-volume- 
ratios, and surfaces of the hydrated particles are 
predicted. However, predictions of structural parameters 
from the results of hydrodynamics are more problematic 
than the opposite procedures, partly caused by the low 
accuracy of hydrodynamic data used as input parame- 



ters (e.g., viscosity). To compare the results from both 
types of prediction, for the present calculations the same 
dataset of molecules as used previously [45-47] was 
applied. 



Theory 

Correlations between hydrodynamic and scattering data 

For modeling homogeneous particles of roughly globular 
shape in solution, whole-body approaches are applied, 
using spheres or prolate (axial ratio p>l) or oblate 
(p<l) ellipsoids of revolution. For the prediction of 
hydrodynamic parameters from X-ray data, the theoret- 
ical formalism underlying our presentation has been 
outlined in detail [9, 14, 41-43, 45, 46]. For the inverse 
approach, i.e., the prediction of structural parameters 
from hydrodynamic data, already-existing equations had 
to be rearranged and completed appropriately. In the 
following, the theoretical formalism required for these 
types of calculations is summarized in brief, using the 
same nomenclature as in our previous papers [45, 46]. 

Calculation of structural parameters 
from hydrodynamic data 

For the prediction of structural parameters, sedimenta- 
tion and diffusion coefficients, .s and D, and the intrinsic 
viscosity, [rj], are used. In addition, two further auxiliary 
quantities, molar mass, M, and partial specific volume, 
V, must be known. Both quantities may be taken from 
databases or may be determined experimentally [45, 46]. 
For some cases, the amount of particle hydration, dj, or 
at least reasonable assumptions for this quantity are 
necessary. In the case of simple proteins, a hydration of 
0.35 g g~’ may be used as a reasonable default value [39, 
40, 43, 44, 49-52]. 

Provided all mentioned input parameters (s, D, [t]], 
M, V, di) are known, two main procedures are possible. 

The first approach uses both ultracentrifugal and 
viscosity data, commonly combining s or D with M and 
[jy]'. The assumption of a definite value for the hydration 
is not required. Combining two different hydrodynamic 
techniques allows the estimation of the amount of 
hydration involved. In principle, the calculative combi- 
nation of 5, D and [t]] is also possible, without direct 
knowledge of M. For the calculation of the axial ratio, p, 
the amount of hydration need not be known. 

The second approach considers only ultracentrifugal 
data, neglecting less accurate results from viscometric 
studies. For this procedure, however, realistic hydra- 



' Diffusion coefficients may also be obtained by dynamic light 
scattering 
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tional contributions ((5i) have to be taken into account 
explicitly as input values. Results stem from combina- 
tions of two of the three quantities, 5, D and M, with d]. 

In principle, all approaches should yield the same 
results; however, one has to be aware of the fact that 
parameters calculated according to different approaches 
represent different averages. 

1. Combining M and [rj]: 



If j and M are known, these two parameters and the 
frictional ratio of the hydrated particle, ///o, are related 
by a modified form of the Svedberg equation 



7l/2/3(i _ 



f - 1/3 






/o 



( 1 ) 



where M and v are the anhydrous molar mass and the 
partial specihc volume of the biopolymer, respectively, 
fh is the hydrated partial specihc volume, p and are 
the density and viscosity of water at 293 K, respectively, 
and N symbolizes Avogadro’s number; /q is the fric- 
tional coefficient of a sphere with the same volume as the 
hydrated particle [24]. 

It should be stressed that in order to consider the 
effects of hydration correctly Dh has to be used instead of 
V on the right-hand side of Eq. (1). The hydrated partial 
specihc volume, fh, is given by 



rh = 1^2 + Sivi 



( 2 ) 



where V 2 and vi denote the partial specihc volumes of the 
macromolecule and water, respectively, and stands 
for macromolecule hydration (e.g., grams of water per 
gram of protein). 

The hydrated particle volume, V, is related to 



^ Mt)h 

N ■ 



(3) 



From V a radius, R^, can be derived, which represents 
the radius of a sphere with a volume identical to V\ 



R 



o — 




(4) 



The following equation relates this hctive radius R^ to 
the Stokes (hydrodynamic) radius, Rqi. 

Ru=Ro{f/h) ■ (5) 



The frictional ratio, ///o, of the hydrated particle is given 
by Perrin’s formulae for prolate or oblate ellipsoids of 
revolution [1, 2]: 



/ 

/o 



1 




In 


' 3a 

+ 

to 

1 

"to 



(p > 1 , prolate) , 



( 6 ) 



2 For nomenclature see Ref. [45] 



/_ 

/o pi/3tan^' (1 — /’• 



,2d/2 



Ip 



ip < \, oblate) , 



(7) 



where the axial ratio p = ajb is dehned as the ratio of 
the semiaxis a of revolution to the equatorial semiaxis b 
of the ellipsoid. 

The hydrated partial specihc volume, fh, and the 
hydrated particle volume, V, are related to the intrinsic 
viscosity, [rj], via the Simha factor, v, which is a function 
of the axial ratio, p [3, 6, 8]: 

VN 

[f/] = — V = rh V . (8) 



The combination of Eqs. (1) and (8) yields 





1/3 



(9) 



from which the axial ratio, p, of prolate and oblate 
ellipsoids can be derived using tabulated values for 

Since now the axial ratio, p, and hence the hydrated 
volume, V, are known, the radius of gyration, Rq, of the 
particle under consideration may be derived from the 
relation 





( 10 ) 



Equation (10) applies to both prolate and oblate 
ellipsoids of revolution. 

The fact that relations between surface-to-volume- 
ratios, S/V, and radius of gyration, Rc, on the one hand, 
and axial ratios, p, on the other, have been established 
for the case of prolate and oblate ellipsoids [9, 14], 
respectively, allows derivation of equations for the 
estimation of S/V, and consequently, by use of V, of 
the surface area, S: 



V 2pRo 



1 H — sm ' ^ ^ 



1/21 



y + 2^ 



(P> 1) 



or 



E 2pRo 



1 + 



y + 2^ 



( l - p 2)>/2 

(P< 1) 



tanh ’(1 — p^y^^ ' 



( 11 ) 



( 12 ) 




V . 



(13) 
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In this context it has to be noted that the values for 
structural parameters determined by such approaches 
refer only to the properties of model bodies and do not 
necessarily reflect the properties of particles such as 
biopolymers. This especially holds for the values of SjV 
and S which may differ significantly from true surface 
peculiarities of real particles, due to the considerable 
surface roughness of most biopolymers. 



2. Combining D, M and [rj]: 



The combination of the values for D, M and [t]] leads to 
similar expressions as outlined above for combining M 
and [rj]: 



B = 



kT 



/ -1/3 
/O 



(14) 



where k is the Boltzmann constant, T the temperature, 
and the term B is related to [rj] by 



B 




(15) 



Applying the term B in Eqs. (14) and (15) and the 
formalism outlined in (1), this again yields predicted 
values for fh, ^i, V, p, Rq, SjV and S, both for prolate 
and oblate ellipsoidal models. 



3. Combining j, D and [rj]: 

Concomitant use of 5, D and [r\\ yields an expression 
from which M and fh have been eliminated 



c__u^ 



1/3 



1 



fo 



6nr] \ sD^ [rj] 



1/3 



(16) 



Application of Eq. (16) allows calculation of the axial 
ratio, p, and implies that for its calculation explicit 
knowledge of the particle mass or hydration is not 
required. On the basis of p, the Simha factor, v, can be 
obtained, thus allowing calculation of fh from [r\\. 
Combining and D yields M, which may be used for 
estimating the hydrated volume, V, and R^. Finally SjV 
and S may be derived. 



4. Combining s, M and 

Use of 5, M and yields the frictional ratio, ///o: 

/o \ 3 / 

The corresponding values for p follow from ///q, 
applying Eqs. (6) and (7) for the cases of prolate and 
oblate ellipsoids, respectively. Use of a definite value for 
(e.g., 0.35 g g“') yields Vh and V when applying 
Eqs. (2) and (3), and finally Rc SjV and S, both for the 
prolate and oblate models. 



5. Combining D, M and (5i 



The frictional ratio may also be obtained by means of D, 
M and bi. 



/ _ kT /AnN\ 
/o V 3 / 



(18) 



and, again, leads to the above-mentioned structural 
parameters, provided appropriate hydration contribu- 
tions are considered. 



6. Combining s, D and (^p 



Similar to (4) and (5), structural data may be predicted 
on the basis of ///o, derived from 5 and D, in connection 
with reasonable estimates for required for the 
calculation of 



/ _ /4nk^T^\ 1 /(I - vp)\ 

fo V 3 y 6nt] \ sD'^Vh ) 



(19) 



Results and discussion 

Choice of biopolymers 

For the prediction of hydrodynamic parameters from 
scattering data, more than 50 globular biopolymers 
(simple and conjugated proteins, viruses, ribonucleic 
acids) of different molar mass and shape as well as 
particles undergoing conformational changes (apo- and 
holoproteins) were used [45, 46]; therefore, for the 
prediction of structural data from the results of hydro- 
dynamics, the same dataset was used (Table 1). This 
allows a comparison of the accuracy to be achieved on a 
rational basis. To illustrate the behavior of simple 
proteins, 21 nonconjugated apoproteins (M = 14- 
220 kg moU*, p = 0.2-5) were chosen (Figs. 1-3). This 
corresponds exactly to the dataset used previously for 
illustrating several correlations between X-ray and 
hydrodynamic data [47]. Citrate synthase was chosen 
as a representative example in order to outline some 
features of our approaches and the accuracy achievable 
(Table 2). This example, together with possible errors 
involved in the calculations, was also discussed in detail 
when using the reverse approach, i.e., when predicting 
hydrodynamic data from X-ray results [45]. 



Survey of experimental data 

An inspection of the experimental values found for 
various biopolymers (Table 1) indicates some scatter, if 
the parameters are considered as a function of the molar 
masses, M. In Fig. 1 this behavior is demonstrated more 
clearly for the selected simple proteins. 





Table 1 Predictions of structural parameters from hydrodynamic data. Molecules are arranged in compositional classes according to increasing molar mass. The following 
models were used: spheres (5); prolate ellipsoids of revolution (P£); oblate ellipsoids of revolution {OE). Reference values from small-angle X-ray scattering (SAXS) are listed 
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Biopolymers Reference values'’ Predicted values'’ 
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Fig. la-c Observed structural parameters of selected globular pro- 
teins as a function of log M. a Experimental values for hydrated 
volume, V (nm^), surface, S (nm^), and surface-to- volume ratio, 
SjV (nm~'), obtained from small-angle X-ray scattering (5,4X5). b 
Experimental values for partial specific volume, v (cm^ g“'), usually 
obtained from densimetry, and particle hydration, (5i (g g“'), obtained 
from the hydrated SAXS volume. Mean values of observed v and i5i 
values: (0.734 ± 0.016) cm^ g“' and (0.32 ± 0.13) g g^', respective- 
ly. The dotted lines correspond to 0.735 cm^ g“' and 0.35 g g“', taken 
as reasonable default values for v and <5i, if necessary, c Experimental 
values for the logarithm of axial ratio, p, obtained from SAXS [(•) 
and (O): {Rq,V) and {Rq, SjV) approaches, respectively] or from a 
combination of SAXS with viscosity data [( + ): {V, [rj]) approach via 
the Simha factor]. The rfotteii /(fie corresponds to/; = 1, indicating the 
switch from prolate ellipsoids of revolution (PE) to oblate ones (OE) 

Volume, V, and surface area, S, increase as a function 
of log M, whereas the surface-to-volume ratio, S/V, 
decreases slightly (Fig. la). The resulting curves are not 
smooth due to differing particle shapes, arrangement of 
subunits and peculiarities of the particle surface. While 
the partial specific volume, v, remains nearly constant 
with increasing mass, the experimentally observed 
values for particle hydration, ^i, show pronounced 
deviations from a constant value (Fig. lb). This is 
obviously due to the specific characteristics of proteins 
(e.g., localization of different amounts of hydrophilic 
amino acids on the protein surface) and/or experimen- 
tal deficiencies in determining the hydrated volume 
required for estimates of hydration values [49]. As may 
be expected, the axial ratios, p, differ for the proteins 
under consideration (Fig. Ic). An interesting fact is the 



observation that small proteins (M less than about 
100 kg moF') are of prolate shape, whereas large 
proteins have oblate shapes. This phenomenon is 
presumably caused by the fact that small proteins are 
composed of one or two subunits, thus yielding 
elongated particles, while proteins composed of three 
or more subunits lead to oblate shapes, and assemblies 
of many protein subunits may form roughly spherical 
shapes. This finding may be used for hydrodynamic 
modeling, to differentiate between traditional ambigu- 
ities of particles of prolate or oblate shape. The 
behavior of experimental Rg, s, D and [t]] values has 
already been presented (Fig. la in Ref. [47]). 



Documentation of data 

Table 1 lists the available input parameters (M, v, s, D, 
[rj]) of selected examples, together with reference values 
obtained from SAXS ((ii, Vh, V, P, Rg, SjV, S), and 
the structural parameters as revealed from the param- 
eter predictions mentioned. Calculations were perform- 
ed on the basis of both prolate and oblate ellipsoidal 
models. Results may be compared with the reference 
data column. Obviously there are some gaps in the 
middle portion of the table. This is due to two facts: in 
many cases viscosity data are not available, and the 
approaches applying [rj] frequently fail because of 
mathematical inconsistencies (especially in the case of 
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C ^calc 



Fig. 2a-c Observed and predicted axial ratios, p, of selected globular 
proteins. For better comparison with ellipsoids of prolate shape 
(p > \), axial ratios of oblate ellipsoids (p < \) have been trans- 
formed to \ jp (thus giving values greater than 1). Experimental values 
from SAXS and viscometric studies are plotted against the values 
predicted on the basis of hydrodynamic studies. Experimental data: a 
SAXS: {Ra, V) approach; b SAXS: (Rq, SjV) approach; c SAXS and 
viscosity: {V, [rj\) approach. The predicted axial ratios represent the 
average values of the various approaches combining {s, M, (5i), (D, M, 
(5i), and (s, D, (5i), for both prolate (•) and oblate (O) ellipsoids of 
revolution. The solid line is the regression line, starting from the origin 
of the coordinate system. The dotted line represents the median 

the oblate ellipsoid approaches). Erroneous/unrealistic 
viscosities may lead to negative hydrational contribu- 
tions. 

An inspection of Table 1 reveals that in the majority 
of cases the combinations applying 5, D, M and are 
successful, whereas the results predicted on the basis of 
viscosity data, if feasible, are rather ambiguous. The 
best results are obtained for predictions of Rc and V, 
while the results for SjV and S are influenced by the 
deficiencies of the smooth models used. True molecules 
exhibit a more or less pronounced surface roughness. 
The values for p show the greatest deviations, even if we 
differentiate between prolate and oblate shape models. 
In this context, however, we have to remember that the 
axial ratios given by the models do not necessarily 
reflect physical reality. The accuracy of the results 
obtained may be improved by averaging the six 



approaches which combine s, D, M and (prolate 
ellipsoid and oblate ellipsoid approaches), but neglect 
the viscosity data. 

For the case of selected simple proteins, the graphs 
shown in Figs. 2 and 3 allow a direct comparison of 
observed and predicted values. There is only restricted 
agreement between experimental and calculated axial 
ratios (Fig. 2), irrespective of the calculational approach 
used for the experimental determination of p. In 
contrast, the predictions for and V (Fig. 3a, b) show 
excellent coincidence, both for prolate and oblate 
modeling approaches. The agreement is somewhat less 
well defined for SjV and S, because of obvious 
deficiencies in modeling the true protein surface. The 
predicted surface is smaller than the true one. 

The accordance between observed and predicted 
values is optimum for simple (nonconjugated) globular 
proteins (Table 1, Figs. 2, 3). Comparing the results for 
conjugated proteins or ribonucleic acids, however, 
reveals only rough correspondence. Serious discrepan- 
cies between experimental and calculated values occur in 
those cases where special assumptions have already been 
made for the prediction of hydrodynamic parameters 
from scattering data [45], i.e., for molecules containing 
pronounced inhomogeneities (e.g., fibronectin, spherical 
viruses, MS2 RNA). Modeling the latter molecules 
obviously fails, if dj values of 0.35 g g~’, typical of 
simple proteins, are used for the modeling approaches. 
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Fig. 3a-d Observed and predicted structural parameters of selected 
globular proteins of prolate (•) or oblate (O) shape. Experimental 
and calculated values for a radius of gyration, Ra (nm), b hydrated 
volume, V (nm^), c surface-to- volume ratio, SjV (nm“'), and d surface 
area, S (nm^). The solid line is the regression line, starting from the 
origin of the coordinate system. The dotted tine represents the median 

On the other hand, combined use of ultracentrifugal and 
viscosity data may lead to rough parameter estimates 
(see, e.g., the predicted values for MS2 RNA). 



Citrate synthase: a representative example 

The dimeric apoenzyme (for which a hydration of 
= 0.33 g g~*^was found by a SAXS analysis) can be 
modeled correctly, applying M and/or D and assum- 
ing a default hydration of = 0.35 g g“^ (Table 1). 
The predicted (averaged) values for fh, V, p (prolate 
ellipsoid), Rc, SjV and S (1.09 cm^ g~\ 177 nm , 2.12, 
3.05 nm, 0.95 nm“’and 169 nm^, respectively), are in 
reasonable accordance with the observed values 
(1.07 cm^ g”', 174.4 nm^, 1.72, 2.91 nm, 0.88 nm“', 
154.2 nm^). Similar statements hold for calculated 
(1.09cm^g“‘, 178 nm^ 1.51, 2.80 nm, 0.89 nm“', 
158 nm^) and experimental (1.01 cm^ g“', 164.0 nm^, 
1.48, 2.80 nm, 0.85 nm“', 139.6 nm^) values of the 
holoenzyme (d] = 0.27 g g~^ according to SAXS re- 





sults). As shown for the apoenzyme, the combinations 
involving [rj] are by no means satisfactory. 

Prediction of small structural changes 

A comparison between apo- and holoforms of the 
enzyme citrate synthase proves that the occurrence and 
the nature of subtle structural changes may also be 
anticipated correctly. The radius of gyration, Rq, the 
most important structural parameter in connection with 
the registration of structural changes [53], decreases with 
both observed (2.91 nm ^ 2.80 nm) and predicted 
(3.05 nm ^ 2.80 nm) values (Table 1). The prediction 
of such effects is not trivial because of changes in M, v, 
di, V and p upon ligand binding. 

The correct prediction of the occurrence of structural 
changes (decrease in Rc) can also be found in the case of 
all other proteins mentioned (apo- and holoforms of 
riboflavin-binding protein, glyceraldehyde-3-phosphate 
dehydrogenase, malate synthase and pyruvate kinase). 

Accuracy of parameter predictions 

The prediction of structural parameters, and particularly 
the anticipation of the occurrence of conformational 
changes, rests on the reliability of the experimental data 









Table 2 Error propagation from hydrodynamic data to predicted structural parameters, for citrate synthase (apoenzyme) and typical error bars for the input parameters^ 
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^ Observed and predicted values for citrate synthase are given in Table 1 . Representative errors including the maximum deviations are included; all other permutations of input 
parameters (not shown) lead to deviations smaller than the cited maximum errors 

'’The table includes only the values for the PE approach; with the given input parameters, the OE approach was not successful 
°A given value for the hydration, <5|, yields definite values for fh and V, i.e., no deviations of these parameters are observed 
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used. Error propagations, based on reasonable assump- 
tions for the most important input parameters (j' ± 1%, 
D ± 2%, [f]] ± 5%), have been performed for various 
biopolymers. A few results for citrate synthase are given 
in Table 2. They disclose the possibility to predict 
structural parameters and structural changes correctly, 
provided the predictions are based on accurate values of 
5 and/or D. They also show why use of erroneous input 
parameters can lead to unreliable results (very large 
errors and even negative values for some parameters; for 
example, the -110% deviation of hydration hi, resulting 
from AD = +2%). Under similar environmental con- 
ditions, of course, some of the experimental errors 
cancel out to some extent. 



Conclusions 

The values listed in Table 1 may be used for various 
purposes: a data source for many problems dealing with 
scattering and hydrodynamic parameters, establishment 
of correlations between these parameters, compatibility 
tests, assessment of the reliability of structural predic- 
tions on the basis of hydrodynamic data, etc. 

Summarizing our results we may state that the radius 
of gyration and the hydrated volume of the majority of 
the simple globular proteins investigated were predicted 
correctly, including the anticipation of small structural 
changes. Less accurate predictions were obtained in the 



case of the surface-to-volume ratio and the surface area, 
presumably caused by differences in the surface rough- 
ness of models, on the one hand, and true particles, on 
the other. Only poor agreement, however, was achieved 
for the axial ratio, mainly due to insufficiencies of the 
modeling approaches by ellipsoids. 

Predictions for glyco- and nucleoproteins or ribonu- 
cleic acids were less successful. Particles with extraordi- 
nary features (mass inhomogeneities, unusual water 
binding behavior) cannot be modeled correctly by 
simple whole-body approaches, if a hydration of 
0.35 g g“\ characteristic of simple proteins, is applied. 
This implies that use of a correct value for the 
hydrodynamically effective hydration is of utmost 
importance. 

Differentiation between prolate and oblate particles 
seems to be of secondary importance. Small nonconju- 
gated proteins as well as glycoproteins should preferably 
be modeled by prolate models, whereas for large 
proteins and ribonucleic acids the oblate shape is 
superior. 

Use of viscosity data for modeling purposes cannot 
be recommended because of the rather low accuracy of 
viscosity data and the fact that for particles of roughly 
spherical shape the values for intrinsic viscosity do not 
differ very much. By contrast, use of thermodynamically 
more rigid data such as sedimentation and diffusion 
coefficients yields reliable results for parameter predic- 
tions. 
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Abstract The performance of differ- 
ent expressions for the hydrody- 
namic interaction tensor in the 
prediction of translational and ro- 
tational friction coefficients and in- 
trinsic viscosities of a broad 
spectrum of different models con- 
sisting of two unequal spheres, 
varying from separated to com- 
pletely overlapping, was tested in a 
systematic manner. The emphasis of 
the investigation was laid on check- 
ing the efficiency of different aver- 
ages of the bead radii, when used in 
combination with the interaction 
tensor of Rotne and Prager for 
overlapping equal beads, as an ad 
hoc expression in treating unequal 



spheres. It was found that only 
averages based on the arithmetic 
means of bead volumes or bead 
surfaces perform well in all cases 
studied. An analysis of our results 
favors the use of the average based 
on the bead surfaces. Computations 
carried out with various bead mod- 
els of the enzyme aldolase demon- 
strate the success of our approach in 
impeding the occurrence of erratic 
results. 

Key words Bead modeling • 
Hydrodynamic interaction tensor • 
Multibody approach • Overlapping 
unequal beads • Prediction of 
hydrodynamic parameters 



Introduction 

The prediction of hydrodynamic parameters from 3D 
structures can be performed by means of whole-body or 
multibody approaches. Whole-body predictions are re- 
stricted to 3D structures which can be modeled by spheres, 
ellipsoids of revolution, or triaxial ellipsoids [1-7]. 
Multibody predictions are possible for all 3D structures 
which can be modeled by an assembly of spherical 
elements (beads) [4, 8-12]. Though multibody approaches 
have a long history in hydrodynamics [13-15], widespread 
application became feasible only since appropriate com- 
puter programs have been made available to the scientific 
community. Among those programs, Garcia de la Torre’s 
program HYDRO [16] has found widest acceptance as a 
potent tool for predicting hydrodynamic parameters of 
oligomeric and polymeric structures. 

In the prediction of hydrodynamic parameters from 
crystal or NMR structures of biopolymers, data reduc- 



tion steps must precede the use of HYDRO, because the 
number of atomic coordinates in these structures (often 
several thousand) is much higher than the number of 
spherical elements that can be handled by the HYDRO 
program in a reasonable time' (typically about 300). 
Data reduction is crucial because the structural charac- 
teristics of the polymer particle (dimensions, mass 
distribution, shape, symmetry, surface, etc.) must be 
retained as much as possible. The performance of several 
reduction procedures has been investigated recently [10, 
11, 17]. The result of data reduction is a low-resolution 
model consisting of small spheres, often of unequal size 
and some of them partially overlapping their neighbors. 
Until recently, parameter predictions for models con- 
taining overlapping unequal beads were hazardous and 
could lead to erratic and unphysical results [10, 11] due 



' The prediction of hydrodynamic parameters for a model of N 
spherical elements requires the inversion of a 3N x 3N supermatrix 
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to singularities [18] as described by Carrasco et al. [19], 
because a theoretically founded hydrodynamic interac- 
tion tensor of overlapping unequal spheres is lacking. 
We succeeded in handling the problem by introducing 
an ad hoc expression for this tensor [10, 11]. A recent 
systematic study of two-sphere problems convincingly 
demonstrated that our ad hoc expression removes the 
singularities efficiently and performs adequately [19]. 
This paper continues and completes the previous study 
by considering a broad spectrum of models and 
expressions for the interaction tensor. 



Theory and methods 

Hydrodynamic interaction tensors 

Hydrodynamic interaction tensors play a central role in the 
calculation of hydrodynamic parameters for a given bead model 
(for the theory see [8, 9, 15, 19]). The following interaction tensors 
are implemented in the HYDRO program [16]: 

1. The unmodified Oseen tensor [20], which is valid for widely 
separated spheres: 



= ( 1 ) 

Here tjg is the viscosity of the solvent, I is the unit tensor, and Ry 
designates the center-to-center distance of two beads. 

2. The tensor by Garcia de la Torre and Bloomfield (GTB tensor, 
[15]), a kind of modified Oseen tensor, which is applicable to 
non-overlapping spheres of equal or unequal size (expressed by 
the radii o-,- and c;): 



Tij = C&nnoRiiY 



f I 



Rf, 



3 Rl 



( 2 ) 



3. The tensor by Rotne and Prager (RP tensor, [21]), which holds 
for overlapping spheres of equal size: 



Tij = {6ntjo(T) 




3 RijRij\ 
32 Rija ) 



(3) 



In previous studies [10, 11] we have applied the RP tensor also 
to overlapping beads of non-equal size, replacing the bead radius a 
in Eq. (3) with an averaged radius <Tav. preferably with the radius 
related to the arithmetic mean of the bead volumes: 

= {l{o\ + a\)/2 (4) 



Recently, Carrasco et al. [19] have tested the performance of this 
expression in the case of two-sphere models. The comparison with 
results obtained with Cav, defined as the arithmetic mean of the 
bead radii: 

O-av = (o\ + 02)12 (5) 



did not reveal any relevant differences, but the similarity of the 
radii oi and Oj used in that test did not allow final conclusions 
about the proper choice of <Tav In the present study, the 
comparison was checked in a systematic manner with models 
covering a broad spectrum of different radii (see below). In 



addition, we tested further averages of bead radii: geometric mean, 
harmonic mean, and an average related to the arithmetic mean of 
the bead surfaces: 

^ (fff + ol)/2 (6) 



Models 

Two-sphere models 

Following the ideas put forward in [19], we selected five models, 
each consisting of two spheres with constant radii ci and Oj 
(obeying the condition Oi + 02 = 1) at varying distance R 12 ; ffi 
was chosen as 0.5, 0.6, 0.7, 0.8, and 0.9 (models A to E, illustrated 
in Fig. 1) and R 12 was always varied between 1.5 and 0.01. The 
models thus covered the range from equal (ci = 02 = 0.5) to 
extremely unequal beads {a\ = 0.9, Oj = 0.1) and, additionally, 
the whole transition from separated to touching beads (R 12 = 1) 
and finally to completely overlapping beads. The range of complete 
overlapping is limited by the relation R 12 = ci - Oj- Below this 
limiting distance the models presumably behave as if they were 
single spheres of radius a = ox. The models A and B have already 
been used in the previous study [19]. 



Protein models: aldolase 

To illustrate the efficiency of our ad hoc expression [Eq. (4)] in the 
prediction of hydrodynamic parameters from the crystal structure 
of biopolymers, the enzyme aldolase from rabbit muscle [22] was 
chosen as an example. Atomic coordinates were obtained from the 




Fig. 1 Schematic drawing showing the two-sphere models A-E. The 
radii (7i and 0-2 obey the condition (7i + 0-2 = 1. The center-to-center 
distance R 12 is variable. The models are presented for the two limits: 
touching spheres (R 12 = 1; on the left), and completely overlapping 
spheres (R 12 = (Ti - < 72 ; on the right) 
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Brookhaven Protein Data Bank [23] (accession code lADO). 
Application of the data reduction procedures of running means and 
cubic grids described in [10, 11] yielded various low-resolution 
models, based on either atomic or amino acid coordinates and 
containing 64-292 beads. 



Computations by means of HYDRO 

Computations of hydrodynamic parameters (sedimentation coeffi- 
cient i, diffusion coefficient D, and intrinsic viscosity [;;]) of protein 
models (e.g., aldolase) were performed using two versions of the 
program HYDRO: the version HYDROX 5 (downloaded from 
the WWW site of the U.S. Biophysical Society and upgraded to 
handle 300 beads), which treated overlapping unequal beads in an 
inadequate manner, and a modified version HYDRO-VZ [1 1], 
where our improved handling of overlapping [Eqs. (3) and (4)] had 
been implemented. 

In the computations of hydrodynamic parameters of the two- 
sphere models the different interaction tensors were tested also 
outside their dedicated range of validity, in order to study their 
behavior and the continuity of results around the limiting distance 
Ri 2 = 1, corresponding to touching spheres. The calculations 
were performed by means of special versions of HYDRO that 
forced the exclusive use of a selected interaction tensor and 
allowed the use of different kinds of averages The volume 
corrections for intrinsic viscosity and rotational quantities [12] 
were applied, after the volume itself had been corrected, if 
necessary, for overlapping [19]. For convenience, the parameters 
obtained from these computations are presented in terms of 
reduced, dimensionless quantities (cf. [19]): f* denotes the 
reduced translational friction coefficient, /].* the reduced rotation- 




al friction coefficient for rotation around a perpendicular axis, 
and [;;]* the reduced intrinsic viscosity. 



Results 

Two-sphere models 
Equal spheres 

The reduced hydrodynamic parameters f*,f* and [rj]*, 
as obtained for model A (equal beads, = 02 = 0.5) 
by using different interaction tensors, are plotted versus 
the center-to-center distance R 12 in Fig. 2. As Fig. 2a 
shows, both the unmodified Oseen tensor [Eq. (f)], the 
GTB tensor [(Eq. (2)], and the RP tensor [Eq. (3); here, 
of course, without averaging of radii] yield identical 



Fig. 2 a-c Reduced translational friction coefficient, f* (a), reduced 
rotational friction coefficient for rotation around a perpendicular axis, 
h* (b), and reduced intrinsic viscosity, [;;]* (c), predicted for the two- 
sphere model A (equal spheres, o-j = (72 = 0.5) as a function of the 
center-to-center distance R 12 . Predictions were made by using the 
unmodified Oseen tensor (A), the GTB tensor (O), and the RP tensor 
(solid line), respectively. The vertical bars (dotted) mark the case of 
touching spheres. The values drawn by the symbol ■ correspond to a 
single sphere with (7 = 0.5 





12 



Distance H, 
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Table 1 Relative deviations A/t*, hf* and A[f/]* of the predictions dictions by means of the GTB tensor (at R 

of hydrodynamic parameters by using the RP tensor, in connection corresponding to single spheres of 

with mean bead radii a.^y [defined by Eqs. (4)-(6)], from the pre- R \2 = (Ti - ^ 2 ) 


12 = 1.0) or the values 
radius cr = (at 


Model 


R\2 


A/t* (%) 






A/r* (%) 






AM* (%) 






Eq. (5) 


Eq. (6) 


Eq. (4) 


Eq. (5) 


Eq. (6) 


Eq. (4) 


Eq. (5) 


Eq. (6) 


Eq. (4) 


B 


1.0 


0.01 


0.01 


0.03 


-0.22 


-0.03 


0.13 


0.13 


0 


-0.16 




0.2 


2.25 


1.22 


0.63 


22.5 


20.5 


19.0 


10.2 


9.1 


8.3 


C 


1.0 


0.14 


0.12 


0.23 


-0.55 


-0.22 


-0.17 


0.24 


-0.06 


-0.36 




0.4 


1.70 


0.47 


0.13 


21.1 


19.2 


18.0 


9.2 


8.2 


7.6 


D 


1.0 


0.31 


0.25 


0.43 


-0.49 


-0.36 


-0.48 


0.16 


-0.08 


-0.28 




0.6 


0.85 


0.15 


0.14 


14.6 


13.8 


13.4 


6.2 


5.8 


5.5 


E 


1.0 


0.27 


0.20 


0.31 


-0.17 


-0.17 


-0.22 


0.04 


-0.04 


-0.08 




0.8 


0.30 


0.09 


0.16 


7.4 


7.2 


7.2 


3.1 


2.9 


2.9 



values for the reduced translational friction coefficient 
f* at Ri 2 = 1 (i.e. for spheres just touching). While the 
coincidence of /t* values obtained by using the Oseen 
tensor and the GTB tensor evidently persists in the range 
of separated beads (i?i 2 > 1), the figure reveals an 
increasing divergence of f* values calculated with the 
Oseen tensor and the RP tensor in the range of partially 
overlapping spheres {R \2 < 1). When R \2 approaches 
the limit of complete overlapping, R \2 = 0, the f* 
values based on the RP tensor approach the value of 0.5, 
corresponding to a single sphere of radius a = 0.5. 

For touching spheres (R 12 = 1), the GBT tensor and 
the RP tensor yield identical values also for the reduced 
rotational friction coefficient (for rotation around a 
perpendicular axis) f* (Fig. 2b) and for the reduced 
intrinsic viscosity [rj]* (Fig. 2c), whereas the results 
obtained with the Oseen tensor deviate significantly. The 
application of the Oseen tensor for calculating the 
quantities /r* and [t]]* in the range of R 12 < 1 obviously 
suffers from singularities which can be avoided if the RP 
tensor is used instead. At R 12 = 0, the Oseen tensor and 
the RP tensor yield coincident values of and [rj]*, 
respectively, which are identical to the values expected 
for a single sphere of radius cr = 0.5. 

Unequal spheres 

A first inspection of the results that were obtained for 
the models B-E (unequal beads) by using the RP tensor 
together with different kinds of averaged radii 
already revealed that only the averages Uav defined by 
Eqs. (4)-(6) were able to remove singularities efficiently, 
while both the geometric mean and the harmonic mean 
of the bead radii led to severe singularities (data not 
shown). A closer inspection of the results showed that 
for the prediction of /r* and [q]* the choice of the 
average Uav [Eqs. (4)-(6)] did not influence the results 
significantly, regardless of whether the bead radii were 
quite similar (model B: Ci = 0.6, <72 = 0-4) or extremely 
different (model E: Ui = 0.9, (T 2 = O l)- For the pre- 



diction of/t*, however, the dependence on the choice of 
the average Cav was found to be enhanced with 
increasing dissimilarity of the bead radii Ci and (72- 

In Table 1, predictions of ft*, ff, and [q]*, as 
obtained by using the RP tensor with the three different 
averages [Eqs. (4)-(6)], are compared, at R 12 = 1, to 
the predictions obtained by means of the GTB tensor 
and, at R 12 = ai - 02 , to the values calculated for a 
single sphere of radius (7 = cri, respectively. The findings 
are illustrated by representative examples in Figs. 3-5, 
and are discussed in the following. 

Figure 3 shows the predictions of the translational 
friction coefficient f* for the models B-E. It is evident 
that in the range of separated beads (R^ > 1) the 
results obtained with the unmodified Oseen tensor and 
with the GTB tensor diverge. The discrepancies increase 
with decreasing separation and are more pronounced the 
greater the dissimilarity of the two beads. The f* values 
obtained with the Oseen tensor in the range of partial 
overlap are strongly affected by singularities and fall 
outside the drawing below R 12 = 0.8. As follows from 
Eig. 3a and from the tabulated relative differences Af* 
(Table 1; model B), the RP tensor and the GTB tensor 
yield virtually identical results at R 12 = 1, regardless of 
the kind of average (7ay. In the adjacent range, the f* 
values obtained with different averages are very 
similar, down to R \2 = 0.3. At about this distance the 
graphs of f* show a flat minimum, which is followed by 
an unphysical increase of f* when R 12 approaches zero^. 
The ft* values in the minimum nearly correspond to a 
single sphere of (7 = 0.6 (identical with cti of this 
model). It should be noted that this level of f* is to be 
expected for the range of complete overlapping, i.e. 
below the limiting distance R 12 = 0.2. At that distance, 
however, the predicted f* values have already increased 



^It should be borne in mind that, in principle, models with bead 
distances R 12 < 0^-02 are rather unphysical, because the smaller 
sphere is completely embedded in the larger one 






no 






Fig. 3a-d Reduced translational friction coefficients, /t*, predicted for 
various two-sphere models with unequal spheres (<Ji + (J2 = 1) as a 
function of the center-to-center distance Ri2- a Model B (ci = 0.6), 
b model C (ci = 0.7), c model D (<ti = 0.8), d model E (ci = 0.9). 
Predictions were made by using the unmodified Oseen tensor (A), the 
GTB tensor (O), or the RP tensor together with an averaged radius 
(Tj,v defined by the arithmetic mean of radii {long dashes), surfaces 
(solid line), and volumes {dash-dotted tine) of the spheres, respectively. 
The vertical bars (dotted) mark the case of touching spheres and the 
limiting distance of complete overlapping. The horizontal bars (short 
dashes) represent the values corresponding to single spheres with 

O' = (7i 

by up to about 2% (cf. Table 1: model B, A/,* at 

R,2 = 0 . 2 ). 

Figure 3b and, to a greater degree, Fig. 3c and d, 
exhibit considerable differences if compared to Fig. 3a. 
One difference concerns the behavior of the curves at 
R \2 = 1, where the f* values obtained with the RP 
tensor using different averages Cav do not coincide with 
the value calculated by means of the GTB tensor, but are 
higher than that value. The discrepancy is always largest 
when Eq. (4) is used to calculate (cf. Table 1; models 
C-E, A/t* values at R \2 = 1). The other difference 
concerns the behavior of the/t* values obtained with the 
RP tensor at lower values of R\ 2 - While in Fig. 3a the 
minima of f* values occur at a similar distance of 
R \2 = 0.3, the positions of the minima in Fig. 3b-d are 



shifted towards larger R 12 with increasing dissimilarity of 
the beads and at the same time spread in dependence on 
the average Cav used. Certainly, the extreme behavior of 
f* values based on the average Cav according to Eq. (5) 
in the case of model E (Fig. 3d) is an argument against 
using the arithmetic mean of radii in connection with the 
RP tensor. The averages Uav according to Eqs. (4) and 
(6), on the other hand, appear to be practicable, because 
both lead to minima of f* near the limiting distance of 
complete overlapping and the values of f* in the minima 
are similar to the value expected for a single sphere of 
radius a = oi. The main differences between the appli- 
cation of Eqs. (4) and (6) are that by using Eq. (6) the 
rise to unphysical values of f* on decreasing R \2 occurs 
at somewhat larger separations R 12 and from a some- 
what higher level than by using Eq. (4). This behavior is 
also reflected by higher A/t* values resulting upon 
application of Eq. (6) (Table 1: models C and D, 
R \2 = 0-4 and 0.6, respectively). Model E is an excep- 
tion because the f* values predicted by means of Eq. (4) 
exceed the values obtained from Eq. (6) down to about 
R \2 = 0.7 (Eig. 3d). Therefore the application of Eq. (4) 
results here in a higher A/,* value if compared to Eq. (6) 
(Table 1: model E, R \2 = 0.8). 

Eigure 4 presents predictions of the rotational friction 
coefficient f*, and Fig. 5 of the intrinsic viscosity [rj]*. 









Ill 



Figure 4a, which shows the data obtained for model B 
(the model with the least dissimilar beads), reveals that 
the unmodified Oseen tensor leads to severe singularities 
in the range of overlapping, while the RP tensor, in 
connection with any of the three different averages 
yields continuous and nearly identical results. The same 
statements hold also for the viscosity data of the same 
model in Fig. 5a. It should be noted that the values 
predicted with the RP tensor for and [rj]* at R ^2 = 0.2, 
the limiting distance of total overlapping, are significantly 
larger than the values calculated for a single sphere of 
radius Ci (see Table 1: model B, A/r* at R 12 = 0.2), 
whereas with the Oseen tensor the single sphere levels of 
/r* and [t]]* values are reached at R 12 = 0.2. 

Predictions of /r* and [rj]* for model E, which 
contains the most dissimilar beads, are presented in 
Figs. 4b and 5b. Also here the application of the Oseen 
tensor obviously leads to singularities in the range of 
overlapping; the effects are, however, less pronounced 
than in Figs. 4a and 5a. The application of the RP 
tensor with any of the averages again yields 
continuous curves of/,* and [?;]*, regardless of Uav used. 
It is surprising that these curves are similar to the 
predictions from the Oseen tensor (particularly for 
A similarity between predictions of /r* and [rj]*, 
respectively, by means of the RP tensor, on one hand, 
and the Oseen tensor, on the other, was also observed 
with models of less dissimilar beads (curves not shown). 
In general, the similarity of predictions of and [rj]* by 
means of different tensors was found to be enhanced 
with increasing dissimilarity of the beads. It is obvious 
from Figs. 4b and 5b, and from the A/^* and A[t]]* values 
for model E in Table 1, that at R 12 = 0.8 none of the 
tensors leads to values of and [rj]* corresponding to a 
single sphere of radius c = Ci = 0.9. The relative 



Fig. 4a, b Reduced rotational friction coefficients for rotation around 
a perpendicular axis, /,*, predicted for selected two-sphere models 
with unequal spheres (ffi + (72 = 1) as a function of the center-to- 
center distance R 12 . a Model B (ci = 0.6), b model E {a\ = 0.9). The 
meaning of symbols and lines is the same as in Fig. 3 




deviations upon using the RP tensor (Table 1: model 
E), are, however, smaller than those found for model B 
(the tabulated Af* and A[ri]* values for models C and D 
are in good accordance with this finding). 



Aldolase 

Figure 6 summarizes the predictions of sedimentation 
coefficient s for a gamut of low-resolution models 
derived from the crystal structure of the enzyme 
aldolase. The filled symbols refer to the predictions 
obtained by means of the HYDROX_5 program version. 
These data scatter considerably, owing to the frequent 
occurrence of partial overlapping of neighboring un- 
equal spheres. An analysis of the models revealed that 8- 
26% of the total volume of the models is involved in 
partial overlapping. The percentage of overlapping is 
constantly low (8-11%) for the “cubic grid” models, 
whereas it tends to increase with the decreasing number 
of beads for the models created by the “running means” 
procedure (in these models, even overlapping of more 
than two beads in the same space region occurs). 
Figure 6 clearly shows (cf. the lines and open symbols) 
that the application of the RP tensor together with 
Eq. (4) to all overlapping unequal spheres, as imple- 
mented in the program version HYDRO-VZ, removes 
the scatter and leads to continuous and consistent 
predictions of 5 for all models investigated. Analogous 
improvements were encountered in the predictions of 
diffusion coefficient D and intrinsic viscosity (data not 
shown). 



Discussion and conclusions 

The results obtained both for the various two-sphere 
models and for the models of the enzyme aldolase 
convincingly demonstrate that the prediction of hydro- 
dynamic parameters for bead models containing over- 
lapping unequal spheres can be essentially improved by 
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Fig. 5a, b Reduced intrinsic viscosities, [ 17 ]*, predicted for selected 
two-sphere models with unequal spheres + CT 2 = 1 ) as a function 
of the center-to-center distance R\ 2 - a Model B (ci = 0.6), b model E 
(( 7 i = 0.9). The meaning of symbols and lines is the same as in Fig. 3 

our approach of treating each pair of unequal beads in 
the calculation of the interaction tensor (and only in this 
context) like two equal beads of radius thus the RP 
tensor [21] can be applied. 

Of the various choices of Uav investigated in this 
study, only two were found to be applicable in all cases 
of two-sphere models studied; the average based on 
the arithmetic mean of the bead volumes (Eq. (4), our 
previous proposal [10, 1 1]), and the average based on the 
arithmetic mean of the bead surfaces [Eq. (6)] which was 
studied here for the first time in a systematic manner. 
Both kinds of averages led to similar, often nearly 
identical, predictions of hydrodynamic parameters, and 




Fig. 6 Sedimentation coefficient s, predicted for various bead models 
of the enzyme aldolase. The models were derived from the crystal 
structure by using the data reduction procedures of running means 
(•, ■) and cubic grids (A, T). Filled symbols refer to the predictions 
made by means of the downloaded program version HYDROX_5. 
Lines and empty symbols show the results obtained with the special 
version HYDRO-VZ, applying the ad hoc expression [Eq. (4)] to 
overlapping unequal beads 




the predicted parameters turned out to be continuous 
functions of the center-to-center distance of the beads. 

The predictions of the translational friction coeffi- 
cient were found to be excellent, as judged from 
comparisons (see the Af* values in Table 1) with results 
obtained by means of the GTB tensor [15], for touching 
spheres, and with values calculated for single spheres, at 
the limits of complete overlapping. Erom the tabulated 
data and from Eig. 3 we can conclude that Eq. (6) 
performs somewhat better than Eq. (4) for touching or 
moderately overlapping beads, whereas near or below 
the limit of complete overlapping, in general, Eq. (4) 
yields better results, except for very unequal beads (cf. 
Eig. 3d and Table 1; model E, Af*). The better perform- 
ance of Eq. (6) for touching spheres is not unexpected, 
because the GTB tensor also utilizes the arithmetic mean 
of the surfaces [cf. Eq. (2)]. 

Also in predicting the rotational friction coefficient 
(for rotation around a perpendicular axis) or the 
intrinsic viscosity of touching or moderately overlapping 
beads, Eq. (6) generally yielded slightly better results 
than Eq. (4). The predictions of f* and especially of 
[»)]*, made for the limit of complete overlapping, are 
comparatively poor. Possibly this is partly due to an 
overestimation because of the volume correction applied 
in the calculation of /r* and [rj]* [12]. 

The analysis of the results obtained for the two-sphere 
models has proven that, on the whole, the averages 
based on the arithmetic means of bead volumes and bead 
surfaces perform similarly. The performance of Eq. (4) 
was found to decrease at high dissimilarity of the beads, 
presumably owing to an overestimation of the contri- 
bution of the larger bead. Therefore a slight preference 
for using the average Uav based on the arithmetic mean of 
bead surfaces can be concluded from our data. 

Overlapping of beads might be considered unphysi- 
cal, and, in general, overlapping in bead models should 
be avoided when possible [19, 24]. This holds particu- 
larly for the extreme case of complete overlapping, 
which should never happen. Nevertheless, overlapping is 
of some importance in bead modeling of biopolymers. 
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Already in the crystal structure of a biopolymer a 
considerable amount of formal overlapping occurs, if 
each atom or atomic group is represented by a sphere 
with a radius corresponding to the volume of the atom 
or atomic group. In the crystal structure of tetrameric 
aldolase, for instance, about 39% of the total volume of 
a single chain, calculated as the sum of atomic volumes, 
is involved in binary or multiple overlaps; this is a higher 
percentage than in any of the reduced models derived 
from the crystal structure. Thus the occurrence of 
overlaps in the reduced models, used for computations 
by means of HYDRO, is not primarily an annoying 
byproduct of the data reduction procedure, but draws 
back to the crystal structure itself. Overlapping is 
required to make a bead model spacefilling and equiv- 
alent in volume with the particle to be modeled. 
Different data reduction procedures lead to different 



qualities of overlapping; by the approaches of running 
means, models can be created which consist of nearly 
equal but considerably overlapping beads, whereas with 
models generated by cubic grids approaches the amount 
of overlapping is less, but the beads are much more 
unequal. The computations performed for aldolase and 
other proteins [10, 11] have shown that our approach of 
treating overlaps is successful with both kinds of models. 
Therefore, it is not necessary any longer to construct 
bead models with exactly same-sized spheres in order to 
apply the RP tensor if overlapping occurs (cf. [17, 25]). 

The latest version of the computer program HYDRO 
contains our ad hoc expression based on the arithmetic 
mean of bead volumes [Eq. (4)] for treating overlapping 
unequal spheres [19]. This program can be downloaded 
freely from Garcia de la Torre’s web site, http:// 
leonardo.fcu.um.es/macromol. 
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SYNTHETIC POLYMERS, COLLOIDS 
AND SUPRAMOLECULAR SYSTEMS 



Solution properties of supramoiecuiar cobait 
coordination arrays 



Abstract A number of chemically 
related gridlike Co coordination 
arrays were studied by UV/vis 
absorption spectroscopy, electron 
microscopy and, in particular, ana- 
lytical ultracentrifugation and par- 
tial specific volume measurements, 
in order to determine their solu- 
bility, stability and association 
behavior in a variety of organic 
solvents. As judged by the naked 
eye, solubilization of the compounds 
occurred instantaneously or at least 
within minutes. In contrast, the UV / 
vis absorbance of the samples dis- 
tinctly changed for hours or even 
days, depending on the compound in 
question. In some cases, the spectral 
changes indicated dissociation 
events, probably involving dissolu- 
tion of clusters or microcrystals. 
This was supported by 'H NMR (on 
related Cd and Zn compounds) and 
electron microscopic observations at 
different time intervals after addition 
of the solvent. Under certain condi- 
tions, addition of 20-50 mM salt 
(necessary to obtain ultracentrifuge 
data not influenced by nonideal 
sedimentation behavior) again led to 
aggregation of the material. How- 
ever, according to equilibrium sedi- 
mentation experiments in most 
solvents the solubilized Co coordi- 
nation arrays finally were in the 



form of monomers, whereas in some 
solvents intermediate aggregates 
were predominant. Prolonged stor- 
age of the solubilized compounds at 
room temperature in most cases led 
to their decomposition or conver- 
sion. Reliably determining the par- 
tial specific volume, v, of the 
compounds turned out to be the 
most difficult problem in our studies. 
Density measurements using a Paar 
density meter apparently suffered 
from disturbances (probably due to 
aggregation) at the relatively high 
compound concentrations required. 
V determinations applying the Edel- 
stein-Schachman method to data 
collected in solvents of different 
density suffered from dependencies 
of V on the solvent. Combining 
measurements in nondeuterated and 
deuterated solvents (as in the origi- 
nal Edelstein-Schachman method) 
suffered from relatively low accura- 
cy; in addition, it is applicable to a 
few solvents only. At present, 
weighted averages of the v values 
from the different ultracentrifuge 
methods seem to yield the most 
reliable figures. 

Key words Cobalt coordination 
arrays • Solubility • Density • 
Self-association • Sedimentation 
equilibrium analysis 



115 



Introduction 

The design, synthesis, and arrangement of special 
functional units with nanometer dimensions into dehned 
molecular architectures are the main aims in polymer, 
supramolecular, and material science [1]. This requires 
precise control of the structures from molecular size to 
micrometers. One promising approach for the construc- 
tion of such objects comes from supramolecular chem- 
istry; it applies noncovalent interactions such as 
hydrogen-bonding [2] or metal-ligand interactions [3, 4] 
to assemble highly organized architectures. 

Following the approach described, supramolecular 
coordination arrays with two-dimensional [2 x 2] grid- 
type architectures and interesting electronic, magnetic, 
and structural properties (such as electronic interactions 
between the metal centers and an antiferromagnetic 
transition at low temperatures [5, 6]) have been synthe- 
sized. They are formed by spontaneous self-assembly of 
4,6-bis(6-(2,2-bipyridyl))pyrimidine ligands [5] (or func- 
tionalized derivatives [7]) and suitable metal ions such 
as Co(II) [6] (Fig. 1) and seem to be particularly suited 
to assemble into ordered and stable arrangements on 
surfaces or into ordered thin hlms. For such applica- 
tions, knowing the solution properties of the compounds 
is of major importance. As a prerequisite, methods for 
characterizing these properties have to be provided; 
analytical ultracentrifugation seems to be the most 
powerful method to do this. 

Our group has already used two members of the class 
of [2 X 2] grids to demonstrate the feasibility of analyt- 
ical ultracentrifugation as a tool in studies on the state of 
association of supramolecular compounds in solution 
[8], and to illustrate the different types of suitable 
ultracentrifuge methods [9]. We have now made a 
broader study of the compounds’ solution properties, 
which is based on five different but related [2 x 2] Co 
grids and, in addition, on a [1 x 1] Co grid representative 
of the organic ligands (Fig. 2). Again, the main tech- 
nique was analytical ultracentrifugation, supplemented 
by determinations of solute density. In addition, UV/vis 
spectroscopy, 'H NMR spectroscopy, and transmission 



Organic grid ligands 




Fig. 2 The functionalized organic ligands which, together with Co 
ions, assemble into coordination arrays. Ligands a-e lead to the 
formation of [2 x 2] gridlike complexes (Fig. 1). Two molecules of 
ligand f, together with one Co ion, assemble into a [1 x 1] grid [10] 

electron microscopy were applied. It will be shown that 
the solution properties of these compounds are distinctly 
more complex than could be anticipated. 



Materials and methods 

Materials 

The Co coordination arrays were prepared by recently described 
methods [5-7, 10-12]. In brief, the organic ligands were synthesized 
by Stille-type cross-coupling procedures [5, 7, 10], and the metal 
coordination arrays were prepared and purified according to Refs. 



Fig. 1 Schematic presentation 
of Co coordination array for- 
mation. Two hexafluorophos- 
phate counterions are associated 
with each metal ion (not shown) 




* ^ organic ligands i I Co(II) ions 
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[6, 11, 12], The solvents and salts used were purchased from Merck 
or Aldrich and were of analytical or spectroscopic grade. For most 
experiments, the concentration range was 1-100 mg/1, with em- 
phasis on the lower part of this range. Much higher concentrations 
(4-12 g/1) were necessary for density measurements of the grid 
solutions. For these measurements, the compounds were solubi- 
lized at room temperature under permanent stirring and were used 
between 3 and 6 h after addition of the solvent. Following the 
measurement, the solvent was evaporated under vacuum, and the 
sample was used for another density measurement. 

Methods 

UV/vis spectra were measured with a Flitachi U-2000 spectropho- 
tometer, in cells of 1 cm pathlength made from Suprasil (Flellma). 
'FI NMR spectra were recorded on a Bruker AC 300 spectrometer. 
The chemical shifts were calibrated to the residual solvent peak or 
to tetramethylsilane. For electron microscopy, a Philips EM 208 
electron microscope was used. Samples were prepared from 
solutions in acetone. They were either slowly dried in an acetone/ 
air atmosphere, or frozen at approximately -200 °C and then 
freeze-dried at slowly increasing temperature (in all cases without 
additional staining). 

Sedimentation equilibrium experiments were performed with a 
Beckman Optima XL-A ultracentrifuge in connection with an An- 
60 Ti or an An-50 Ti rotor, titanium double-sector centerpieces 
(pathlength 1.2 cm), and polyethylene gaskets (BASF). The rotor 
temperature was 20 °C. The absorbance-versus-radius profiles, 
A(r), were recorded at a wavelength between 330 and 450 nm, 
depending on the sample concentration. The data were evaluated 
using the computer program DISCREEQ (sedimentation equilib- 
rium) [13, 14]. In all cases, ideal sedimentation behavior of the 
samples was assumed [8]. In most fits, the position of the baseline 
was treated as a free parameter; however, the fits were accepted 
only if the calculated baseline position differed from zero by less 
than ±0.010 absorbance units. In a number of experiments, the 
baseline level was determined experimentally by prerunning the cell 
with solvent only, and afterwards exchanging solvent against 
sample in the sample sector. 

In the determination of the partial specific volume, v, of the 
solute, altogether five different procedures were applied and their 
results compared with each other: 

1. Measurement of the density difference between (salt-free) 
sample solution and pure solvent [15]. 

2. Determination of v from the effective molar mass measured by 
sedimentation equilibrium, assuming the presence of either 
homogeneous solute monomers or a mixture of oligomers. 

3. Application of the Edelstein-Schachman method for simulta- 
neous determination of M and v [16], using two different 
solvents of distinctly different density. 

4. Application of the original Edelstein-Schachman method, using 
nondeuterated and deuterated acetone. 

5. Determination, by sedimentation equilibrium analysis, of the 
apparent effective mass, M(1 — vp„), of the solute in solvent 
mixtures of different density, p„, and extrapolation to the 
condition M(1 — vp„) = 0. 

Solvent and solution densities were measured with a Paar DMA 02 
density meter. 



Results 

The Co coordination arrays, the organic ligands of 
which are shown in Fig. 2, were stndied by a variety of 
techniques. 



Solubility and self-association 

As judged by the naked eye, in most solvents and at 
moderate solute concentrations, solubilization of the Co 
coordination arrays seemed to occur virtually instanta- 
neously or at least within minutes; however, other 
techniques revealed the process of solubilization to be 
much slower: 

1. At compound concentrations around 1 g/1, the UV 
absorbance of the samples frequently increased sev- 
eralfold within days or even weeks. 

2. At similar compound concentrations, *H NMR spec- 
tra of the Cd or Zn analogues of compound d [6] 
initially contained broad lines which, within a few 
days, were transformed into narrow ones, suggesting 
the disappearance of intermolecular interactions. 

Spectral changes within the same time interval were also 
observed in UV/vis spectra of the Co grids at solute 
concentrations below 100 mg/1, in most cases represent- 
ed by shifts in the wavelength of the maxima of the 
curves but also by a decrease in peak height (Fig. 3). A 
delayed transformation of the solute into monomeric or 
oligomeric grids, after solvent addition, was also appar- 
ent from experiments in the analytical ultracentrifuge; 




Wavelenght (nm) 



Fig. 3a, b Dependency of the UV/vis absorption spectra of two 
different [2 x 2] grids on time, a Grid c; b grid d. Solvent: acetone; 
compound concentrations: approximately 1.5 pM. The spectra were 
measured at 20 °C; between measurements, the samples were stored 
at4°C 
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Most of the compounds, when studied within a few 
hours after adding the solvent, sedimented to the bottom 
of the ultracentrifuge cell in the time interval required to 
reach a rotor speed of 40,000 rpm. On the other hand, 
after storage for a few days (at 4 °C), samples from the 
same tube were fully, or at least to a large percentage, 
monomeric (see later). Transmission electron microsco- 
py of freeze-dried samples from the freshly prepared 
solutions showed both microcrystals and amorphous 
(cluster?) structures (maximum dimensions around 
500 nm), which were much less abundant after pro- 
longed incubation. Under some conditions, addition of 
10-50 mM ammonium hexafluorophosphate accelerated 
the process of solubilization. Under other conditions, 
addition of the salt to the already solubilized compound 
led to reassociation into large aggregates, as indicated in 
ultracentrifuge measurements by the loss of up to more 
than 90% of the solute absorbance in the solution 
during the acceleration period of the rotor. This 
phenomenon was frequently accompanied by the for- 
mation of large crystals with dimensions of up to several 
millimeters, even at grid concentrations down to 
100 mg/1 (these crystals were not observed in the absence 
of the grids and thus indicate grid/salt cocrystallization). 
Tetrabutylammonium cations were much more effective 
than ammonium cations in producing this “salting out”. 
It should be noted that, in the ultracentrifuge experi- 
ments, the presence of salt at concentrations above 
10 mM is obligatory in order to suppress nonideal 
sedimentation behavior of the grids [8]. 

In appropriate solvents, the compounds studied were 
monomeric after incubation for a few days at 20 or 4 °C 
(see later). Prolonged storage of the solutions at room 
temperature in most cases, however, led to their partial 
degradation and/or structural changes. This was appar- 
ent from sedimentation equilibrium analysis, which 
revealed the appearance of components smaller than 
grid monomers, as well as the concomitant appearance 
of aggregated material, from 'H NMR measurements 
on Cd or Zn grids [6], which showed changes in the 
shape and the intensity of the peaks as well as the 
appearance of new ones, and frequently by visual 
inspection, which revealed changes in the color of the 
solutions. However, the mechanism of conversion and 
the structure of the end products is not yet known. 

In the time interval between incomplete solubilization 
and decomposition of the compounds (i.e., a few days 
until approximately 1-3 weeks after addition of the 
solvent), in appropriate solvents and at sufficiently low 
solute concentrations, all compounds studied were 
virtually homogeneous and monomeric. This was shown 
by sedimentation equilibrium analysis. The homogeneity 
is demonstrated, for solutions of the compounds in 
acetone, in Fig. 4. (The In ff-versus-r^ plots in the hgure 
were chosen for ease of presentation only; the actual hts 
were of the (r)-type and were transformed afterwards). 




Fig. 4 Sedimentation equilibrium analysis of the Co coordination 
arrays (cf. Fig. 2): Plots of In .4 versus F. Solvent: acetone plus 10- 
50 mM NH 4 PF 6 . Sample concentration was approximately 1.5 
(5 mg/1). Rotor speed: 40,000 rpm 



Table 1 Experimental Mefr, average v and experimental and theo- 
retical Mr values for all compounds of Fig. 2. All figures based on 
experiment refer to runs at 20 °C using, as a solvent, acetone plus 
20 mM NH 4 PF 6 



Compound 


Meff (Da) 


V (ml/g) 


Mr (exp.) 


Mr (calc.) 


a 


1538 


0.624 ± 0.008 


3046 


3061 


b 


1702 


0.740 ± 0.008 


4122 


4104 


c 


1666 


0.612 ± 0.010 


3238 


3189 


d 


1791 


0.594 ± 0.010 


3387 


3366 


e 


1993 


0.710 ± 0.010 


4564 


4520 


f 


520 


0.810 ± 0.010 


1455 


1393 



Applying v values representing critically weighted aver- 
ages from different ultracentrifuge methods (see later), 
the corresponding molar masses were found to be those 
of the monomeric grids (the deviations from the 
theoretical value being, with one exception, within the 
range set by the uncertainty of v) (Table 1). In some 
cases, higher compound concentrations led to the 
appearance of small oligomers or clusters. For com- 
pound f, at a 15-fold higher concentration than used in 
the experiment reported in Fig. 4, this is demonstrated 
in Fig. 5. Here, a good fit to the data could be obtained 
by a monomer/trimer model of grid self-association; the 
trimer content, averaged over the sample volume, was 
approximately 23%.' Virtually the same results were 
obtained if acetone was replaced with acetonitrile. On 
the other hand, in propylene carbonate (which is 
considered as being a good solvent for complexes of 



' A 2% decrease in the sum of the squared residuals, a, was 
obtained when a monomer/dimer/tetramer model of self-associa- 
tion was applied, which indicates that this may be the true model of 
self-association 
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Fig. 5 Sedimentation equilibrium analysis of grid f Upper plot. 
Experimental absorbance as a function of the radial position 

(r(o),) and a least-squares fit to the data assuming the presence of grid 
monomers and trimers ( — ). The plot also shows the calculated 

absorbance contributions of the monomer ( ) and the trimer (• • •). 

Lower plot. Local difierences KA(r) between experimental and fitted 
data. Solvent: acetone plus 20 mM NH 4 PF 6 . Initial compound 
concentration: 54 pM (15 mg/1), corresponding to ^ 37 o‘iSi(^) = 0-4- 
Rotor speed: 40,000 rpm 

organic molecules and metal ions [17]) low concentra- 
tions of the same compound yielded an average molar 
mass M corresponding approximately to the tetramer. 

Solute density 

The density of the Co coordination arrays or its 
reciprocal, the partial specific volume, v, of the com- 
pounds (or their apparent specific volume), was found 
to depend on a variety of parameters. First hints for this 
behavior were failures to fit experimental absorbance- 
versus-radius data from sedimentation equilibrium runs 
by using the v values obtained from digital densimetry; 
deviations of up to more than 20% were found between 
figures from densimetry and the lowest figures that 
allowed acceptable fits to the A(r) data. This is 
demonstrated, for grid f dissolved in acetone, in 
Table 2. As also shown in the table, v values from 



digital densimetry measured in acetonitrile solutions 
allowed very good fits to the A(r) data from acetone 
solutions. Failures of densimetry to yield figures useful 
for fitting the A(r) data were observed with other grids 
as well as other solvents. Checks on the purity of the 
compounds, including elemental analysis (which agreed 
with the theoretical values within ±0.4% for each 
element), showed that these discrepancies were not due 
to sample impurity. It follows that, at the high 
compound concentrations required in the density mea- 
surements, the Co coordination arrays, at least in 
acetone, can presumably be in a state (cluster, micro- 
crystal) with a density distinctly different from that at 
the compound concentrations applied in ultracentrifuge 
experiments. 

The fact that the v value obtained in acetonitrile is 
within the range of the figures determined from sedi- 
mentation equilibrium analysis in acetone may indicate 
that acetonitrile is more efficient in depolymerizing the 
microcrystals/clusters of the compound. Different at- 
tempts were, therefore, made to determine v from 
sedimentation equilibrium measurements. Experiments 
on the dependency of the effective molar mass of grid f 
on solvent density, in two different series of mixtures of 
two solvents, are shown in Fig. 6. Fitting was done with 
a single exponential; this worked well since the curves 
were quite flat, but does not prove that the samples were 
homogeneous. It is obvious from the figure that each 
series yields a quite accurate value for the density which 
matches that of the solute, i.e. the reciprocal of the 
compound’s apparent v. On the other hand, the two v 
values differ from each other by approximately 7%; 
thus, solute density apparently depends on the nature of 
the solvent used. To circumvent this problem, we 
applied the classical Edelstein-Schachman procedure 
for the simultaneous determination of v and M, which 
uses a pair of sedimentation equilibrium data collected 
in a solvent’s nondeuterated and deuterated form [16]. 
Due to the small density difference between the two 
solvents, the results were, however, of relatively low 
accuracy. For grid f, the resulting v value and its 
experimental error are included in Table 2. The uncer- 
tainty in V for the other grids studied ranged up to 
±0.06 ml/g. 



Table 2 v values for the Co 
coordination arrays based on 
organic ligand f of Fig. 2, as 
obtained by different methods 
(20 °C) 



Method 


V (ml/g) 




Digital densimetry in acetone 


0.681 ± 0.019 (n = 


16) 


Digital densimetry in acetonitrile 


0.791 ± 0.006 (n = 


8 ) 


Determination from fits to A(r) data in acetone 






Assuming a monomeric state of the sample 


0.801 ± 0.006 




Assuming the presence of monomers plus oligomers 


0.796-0.85 




Determination from = 0 






In dichlorethane/dichlormethane 


0.762 ± 0.008 




In acetonitrile/deuterated tetrachlorethane 


0.815 ± 0.012 




Edelstein-Schachman method in acetone/deuterated acetone 


0.807 ± 0.020 
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1.20 1.24 1.28 1.32 1.36 

solvent density (g/ml) 

Fig. 6 Sedimentation equilibrium analysis of grid f, in mixtures of 
dichlorethane/dichlormethane (■) or acetonitrile/deuterated tetra- 
chlorethane (□). The figure shows the dependency of the evaluated 
effective mass on solvent density, assuming homogeneity of the 
sample. The solvent density leading to zero effective mass is equal 
to the reciprocal of the compound’s apparent v; it corresponds to 
12:88 (v/v) and 48:52 (v/v) mixtures, respectively. The loading 
concentrations of grid f were approximately 50 mg/1. Rotor speed: 
40,000 rpm 



Discussion 

The solution properties of the Co coordination arrays 
studied in this paper were found to be very complex with 
respect to both main aspects considered: solubility and 
density. Despite the experience gained, we consider the 
details of the process of solubilization of the compounds 
as barely predictable, both with respect to the time 
course and the hnal state of association. The history of 
the sample, the solvent, and the type of salt present 
clearly represent the most serious among the influencing 
factors. These problems are quite obstructive, since a 
uniform state of association, or even a monomeric state, 
seems to be necessary, for example, when trying to 
assemble regular surface layers of the compounds on a 
substrate [18]; thus, control of the compound’s state of 
association apparently has to be an obligatory part of 
such experiments. 

The dependency of the compounds’ densities, or their 
apparent specific volumes, on the solvent and on the 
state of the sample previously described is not really 
surprising. Similar findings were reported from macro- 
molecular chemistry [19] and biochemistry (where ap- 
parent specific volumes of proteins in the presence of 
high concentrations of certain additives such as salts, 
buffer components, etc., can exceed the values deter- 
mined in their absence by more than 10% [20, 21]). 
However, the findings also mean that, under most 
experimental conditions, reliable and, at the same time, 
accurate v data cannot easily be obtained, which 
distinctly limits the application of analytical ultracen- 



trifugation to determine the compounds’ state of 
association. At present, the usefulness of v values 
determined by the standard technique, digital densime- 
try, does not seem to be granted, because of the high 
concentrations required for precise experiments. Results 
of limited reliability are also to be expected from two 
methods for determining v by ultracentrifuge measure- 
ments; determination of the solvent density leading to 
zero effective molar mass of the solute, and application 
of the Edelstein-Schachman method [16] to the data 
collected in solvents of different density. At present, the 
only method we found applicable without principal 
objections is the original Edelstein-Schachman method, 
i.e., combining sedimentation equilibrium data collected 
in the nondeuterated and the deuterated form of the 
same solvent for the simultaneous determination of v 
and M} However, this method also has distinct 
disadvantages: 

1 . Due to the very small density differences, even for the 
most advantageous solvent pairs (acetone, toluene), 
the uncertainty in the results is relatively high (in our 
experience more than 0.015 ml/g even if a number of 
individual data can be averaged). 

2. It requires homogeneity of the solute. 

It may be possible, however, to apply the method to a 
series of related compounds most of which are hetero- 
geneously associated, using a “calculus of differences” 
[8, 22], provided that at least one member of the series is 
monomeric or homogeneously associated. At present, 
weighted average values of the figures for v from the 
different ultracentrifuge methods (see Materials and 
methods) seem to be the most useful ones. Weighting 
will have to consider not only the experimental error of 
the respective figure but also the polarity of the solvents 
used (e.g., in Table 2 we could reject, besides the figures 
from digital densimetry, the one obtained in dichlor- 
ethane/dichlormethane because of the much lower 
polarity of that solvent mixture compared to acetone; 
we would give less weight to the second figure obtained 
from curve-fitting, due to its low accuracy, ending up 
with V = 0.810 ± 0.010 ml/g). Of course, collecting 
the different data is a laborious task. On the other 
hand, the success of the procedure is surprisingly good, 
as indicated by the close agreement between the 
experimental and theoretical values (Table 1). We 
conclude that, despite the problems described, analytical 
ultracentrifugation is still the best technique among 
those applicable to the study of the association behav- 



^ It has been reported that another supramolecular compound has 
different densities in nondeuterated and deuterated toluene [23]. 
The density differences amount, however, only to approximately 
0.7%, which is much smaller than the uncertainty in our present v 
values and thus does not significantly hinder application of the 
method 
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iour of supramolecular compounds. Besides sedimenta- 
tion equilibrium analysis, two other ultracentrifuge 
techniques, sedimentation velocity analysis or the mod- 
ern version of the “approach to equilibrium” [9], could 
be applied. 

Another important problem revealed by the present 
study is the instability of the Co coordination arrays 
in dilute solutions. The conversions occurring may, at 
least in some of the compounds, be quite drastic. With 
compounds d and e, we have even observed a distinct 



decrease in v with time by applying the Edelstein- 
Schachman method (which accounts for the differences 
between this paper and Ref. [9]). Elucidating the nature 
of the conversions and designing more stable varieties of 
the compounds seem to be a worthwhile task. 
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Abstract The XL-I is an analytical 
uitracentrifuge equipped with two 
detection systems; an absorption 
detector and an interference optical 
system. For the analysis of colloidal 
systems the absorption detector is 
normally denoted as a special 
detector, since, if Mie scattering is 
not taken into account, most 
polymers are transparent to UV and 
visible light. The interference optics 
is a detector for measuring the 
refractive index (RI) difference and 
is denoted in this context as a 
universal detector. Most systems in 
colloidal science of synthetic colloids 
can only be analyzed with the re- 
fractive index detector. If a colloidal 
(polymeric) system contains compo- 
nents detectable with an absorption 
detector, the combination of the two 
detectors of the XL-I will provide 
additional information about the 
sample. This paper will show that 
the specific combination of the de- 



tectors described above can not only 
give a deep insight into the colloidal 
structure of the sample, but can also 
help to understand the mechanism 
of the polymerization reaction 
applied to generate the dispersion 
under investigation. This can be 
achieved by thorough sedimentation 
velocity analysis in both an aqueous 
and an organic medium. Spectra 
before and after the runs yield 
information about the general 
whereabouts and the spatial 
distribution of the absorbing 
component. Density gradient 
analysis with both detectors can 
determine the chemical differences 
between particles containing or 
not containing the absorbing 
component. 

Key words Analytical ultracentrifu- 
gation • Interference optics • 
Absorbance optics • Particle size 
distribution • Density gradient 



Introduction 

The Beckman Optima XL-I is an analytical uitracentri- 
fuge (AUC) equipped with two independent detection 
systems: an interference optical system and an absorp- 
tion detector [1, 2]. The interference optical system is a 
detector sensitive to changes in the refractive index (RI) 
of the sample. Since normally there is a difference 
between the refractive index of the sample and that of the 
solvent, this detection method can be applied very 
generally in investigations on colloidal systems and the 



corresponding detector therefore can be denoted as 
universal [3]. The second detector is an absorption 
detector with a wavelength range from 180 to 800 nm. 
This detector is sufScient when dealing with proteins in 
the analysis of biochemical systems (see, for example, 
[4]), but in synthetic polymer and dispersion analysis, 
most systems made from standard monomers are 
transparent for UV and visible light, and the applicability 
of the absorption detector is limited to special cases [5]. 

If there are absorbing components present, the 
combination of the absorption and RI detectors can 
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supply information not only on the structure of the 
particles [6] or macromolecules [7-10] under investiga- 
tion. It will be shown in this article that it is also possible 
to obtain insights into the mechanism of the polymer- 
ization reaction leading to colored particles. 

The analysis of colored systems in an AUC with a 
Schlieren optical system (the Beckman Model E or the 
XL with the Schlieren system [11, 12]) can be performed 
in different ways. In the conventional experiment, the 
Schlieren line provides information on the RI distribu- 
tion. This is done using monochromatic light flashes. 
Since this particular optical system works with a flash 
lamp, it is also possible to illuminate the sample with 
white light. If photographs are taken with a color film, 
the distribution of the color throughont the sample cell 
can be seen directly on the image, with the Schlieren 
curve superimposed. So both types of information are 
combined within one picture. 

Colorant-containing nanoscopic polymer lattices, so 
called NanoColorants [13], exhibit a unique property 
profile, combining the coloristic advantages of classical 
dyestuffs (brilliance, color strength, stability of shade) 
with those of organic pigments (migration, light and 
weather fastness). They are therefore suitable for a 
number of commercial applications, ranging from the 
coloration of ink-jet inks, printing inks, plastics, and 
coatings to the mass coloration of paper and textiles. 



Sample preparation 

A monomer solution (comprising methyl methacrylate 
or styrene, co-surfactant, cross-linker, and dyestuff) was 
added to an aqueons solution of a surfactant (e.g. 
sodium dodecyl sulfate) and, if desired, a water soluble 
comonomer like acrylic acid. The stirred mixture was 
homogenized with ultrasound to prepare a miniemul- 
sion. This aqueous monomer miniemulsion was charged 
into a polymerization vessel and heated to 80 °C. 
Subseqnently, a free-radical polymerization initiator 
was added. The resulting mixture was polymerized at 
80 °C for 3.5 h. The resultant aqueous polymer disper- 
sions (20% solids by weight) were diluted by a water/ 
K30 mixture to appropriate concentrations for the AUC 
experiments. 



AUC analysis of the samples 

Solubilization of the dye 

According to the NanoColorant concept, the dye should 
be completely incorporated in the latex particles. 
Therefore, before dealing with the analysis of the 
particles themselves, it is reasonable to look whether 



or not the dye is really located inside the particles. The 
easiest way of doing this is by looking at the absorption 
spectrum before and after a sedimentation velocity run 
(s-run). The two spectra in Fig. 1 can be taken as a proof 
of concept. Before the s-run (solid line), two types of 
signals can be found in the resulting spectrum. There are 
peaks at 450 nm and between 500 and 600 nm, which 
can be attributed to the absorption of the dye. At 
wavelengths below 300 nm, transmission is essentially 
zero. Above 300 nm, the absorption signal looks like a 
decaying exponential function. This is a typical signal 
from Mie scattering: Mie scattering is a unique property 
of particles; the light is not absorbed by the sample but 
scattered away from the detector. Before the s-run there 
are particles and dye at the radial position of detection. 
The spectrum after the run (dashed line) shows no 
absorption over the complete spectral range. So neither 
particles nor dye can be detected at this position. Since 
the dye has a low molecular weight, it must be 
completely incorporated in the particles, otherwise at 
least some absorption would be detectable. 



Particle size analysis 

An analysis of the particle size distribution (psd) of all 
particles can be done either by a sedimentation velocity 
run and detection with the Schlieren or the interference 
optics, or with a particle sizer via turbidity measurement 
[14]. For colored systems the use of the turbidity 
detector is difficult owing to the complex RI of the 
particles. So the more reliable values result from a 
detection via the RI, e.g. via interference or Schlieren 
optics. 

The original data of an s-run detected with the 
interference optics of the XL-I at different times are 




wavelength / nm 

Fig. 1 Absorption spectrum of a colored sample before {solid line) 
and after {dashed line) an s-run. The spectra were taken at a radial 
position of 6.9 cm 





123 



plotted in Fig. 2. Two moving boundaries can be 
extracted from the plot. From these data the particle 
size distribution was calculated according to Stoke’s 
law^ [14]. The differential (solid line) and the integral 
(dashed line) particle size distribution can be seen in 
Fig. 3. The distribution is bimodal with a narrow line at 
about 87 nm diameter and a broad line with a shoulder 
at about 50 nm. From the shape of this distribution, 
some conclusions as to the mechanism of the polymer- 
ization reaction can be drawn. The NanoColorants are 
made via miniemulsion polymerization, thus implying 
that every emulsion droplet will independently polymer- 
ize to a latex particle. Therefore the particle size 
distribution of the droplets has to be the same as the 
particle size distribution of the latex. Since an emulsion 
always has a unimodal distribution, the outcome of this 
polymerization reaction is inconsistent with the pro- 
posed miniemulsion polymerization mechanism. 

The bimodal distribution of the latex particles raised 
the question of whether or not all particles are colored. 
This was investigated by an s-run using the absorption 
detector. A wavelength for the detection was chosen 
such that there was sufficient absorption from the dye, 
but negligible contribution from Mie scattering. Under 
these conditions the particle size distribution showed 
only one peak at about 85 nm and a shoulder at 50 nm 
(Fig. 4). In this plot the peak at 85 nm is much broader 
compared with Fig. 3, where the interference optics was 
used for detection. This apparent contradiction is due to 
differences in the time necessary to collect the data 




Radius / cm 



Fig. 2 Sedimentation velocity run detected with the interference optics 
of the Beckman XL-I. Concentration distribution of the sample in the 
measuring cell at different times. The time difference between two 
displayed scans was 2 min. The loading concentration was 1 g/1. The 
centrifuge ran at 6000 rpm 



Pparticle 1.205 g/cm , Pdisperion medium 0.997 g/cm , 

'Idispersion medium = 0.00891 g/(s*cm). The density of the particles was 
calculated via v = 



corresponding to one scan. With the absorption detec- 
tor, one complete scan takes about 1 min. If the 
boundary is moving fast, it has moved substantially 
while the data are collected. Since detection starts at the 
bottom of the cell, and scans down to the meniscus, the 
resulting band is broader than the real one. This 
problem does not occur with the interference optics. 
With this system an image from the CCD camera is 
analyzed. The time for collecting an image at the CCD 
camera is exactly fixed. 

The particle size distribution of all particles, as 
collected with an RI detector, is bimodal. Analysis with 
an absorption detector, where only the colored particles 
are visible, however, results in a unimodal distribution. 
This implies that not all particles are colored. This very 
simple conclusion has severe consequences for the 
mechanism of the polymerization. The miniemulsion at 
the beginning of the reaction was homogenous both in 
droplet size and in composition. On the other hand, the 
particle size distribution of all particles and of the 
coloured particles alone are different, thus suggesting 
inhomogenities in both particle size and composition of 
the resulting polymer dispersion. So one has to assume 
that at least part of those particles have been formed via 
a classical emulsion polymerization with monomer 
diffusion through the water phase. Further on, the 
uncolored particles could have only been formed via a 
homogeneous nucleation process, because the dye itself 
is completely insoluble in water. 



Particle density analysis 

From the particle size analysis we know that there are 
particles with different amounts of dye incorporated. 
Therefore the question arises of whether this is the only 
difference in the chemistry of the particle. The density 
gradient experiment is a very powerful tool for the 
analysis of chemical inhomogeneities [15]. For the 
sample under investigation, a gradient was chosen with 
a mixture of 15 wt% metrizamide and 85 wt% D 2 O as 
gradient building solution. Metrizamide is a very dense 
nonionic sugar [15], so that no charge is introduced into 
the system. The concentration of the latex was 0.5 g/1 in 
the sugar solution. To establish the gradient, the 
centrifuge ran for 96 h at 25 000 rpm. The interference 
pattern and the fringe displacement at equilibrium are 
plotted in Fig. 5. The interference pattern shows a very 
steep gradient with two turbid spots in the cell. The 
representation of the concentration distribution within 
the cell as a fringe displacement exhibits tiny peaks at 
the turbid positions in the cell (Fig. 5). Near the bottom 
of the cell the gradient is too steep to be properly 
detected by the interference optics. 

In order to determine the density distribution in the 
cell, the signal without the two tiny peaks, which is the 
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Fig. 3 Integral (dashed line) and 
differential (solid line) 
particle size distribution 




Fig. 4 Integral (dashed line) and 
differential (solid line) 
particle size distribution of the 
colored particles detected with 
the absorption detector at 
575 nm. The sample under 
investigation and the conditions 
of the measurement were the 
same as for the measurement 
with the interference optics 




contribution from the sample, is analyzed [3]. The region 
where the gradient is too steep for a proper detection was 
cut out, and the signal was extrapolated to the bottom of 
the cell. Though this procedure seems to be rather error- 
prone, previous measurements with samples of well- 
known density showed that the density was calculated 
correctly by this method (P. Rossmanith, unpublished). 
Subtraction of the so-determined gradient from the 
original data yields the density distribution plotted in 
Fig. 6. Even if an error produced by the extrapolation 
described above is taken into account, the experiment 
shows clearly that there are particles with two different 
densities present in the sample. Since the density is an 
indicator for the chemical composition, there must be 
particles with different compositions in the sample. 

From the s-run it is already known that the sample 
consists of particles with dye and others with less or even 



without dye. With the help of the absorption optics it 
should again be possible to distinguish between colored 
and uncolored particles. Therefore, in addition to the 
interference scan, an absorption scan at a wavelength 
near the absorption maximum of the dye was made. The 
results are shown in Fig. 6 as a dashed line. Particles 
with incorporated dye have a different density compared 
with particles without the dye. According to Fig. 6 it is 
also clear that there are particles containing no dye. The 
density distribution of the colored particles is broader 
than the one of the uncolored particles. This cannot only 
be seen from the broader peak of the absorption run, but 
also from the rising edge of the RI measurement. The 
steepness of the curve at the low density side, where the 
colored particles are located, is much smaller than that 
on the high density side, to where the uncolored particles 
have moved. 
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Fig. 5 Interference pattern 
and raw data of the density 
gradient run at equilibrium 






Fig. 6 Density distribution of all the particles {solid line) as achieved 
from the analysis of the data of Fig. 5 and of the colored particles as 
detected with absorption at 550 nm {dashed line) 



Working with just one wavelength of the absorption 
optics, there is always the danger of obtaining artifacts. 
To overcome this problem, spectra were taken at several 
positions in the cell [16]. Figure 7 shows a contour plot of 
the absorption distribution in the cell together with the 
absorption scan at 550 nm and the distribution from the 
RI scan. The plot shows the spectrum of the dye at the 
position of the less dense peak from the distribution of 
the RI scan. At the position of the more dense peak the 
features of the spectrum are mostly washed out, and 
there is only a rise of the absorption at low wavelengths 
that arises from Mie scattering. This plot shows that. 




Fig. 7 Contour plot of the absorption in the cell. Each line represents 
one absorption level. The absorption of some important lines are 
indicated in the plot. The radial distribution of the absorption at 
550 nm is plotted as a separate line, to show that the maximum of the 
contour plot is slightly shifted relative to the maximum of the real 
distribution. This is due to the lack of the density in the collected data 
points. In order to show the density distribution of the whole 
dispersion, the result from the refractive index measurement is shown 
on the right-hand side of the plot 



with the absorption detector of the XL-I, chemical 
information on samples with absorbing components can 
be retrieved. In this case, the effective distribution of the 
dye in a density gradient experiment was obtained. 

The density gradient experiments produced two 
results: (1) there are particles with different densities and 
(2) the density of the colored particles is lower than that of 
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the uncolored ones. The difference in density of these two 
types of particles is too large for being solely related to the 
different contributions of the dye. There has to be an 
additional difference in composition, e.g. a different 
amount of incorporated co-surfactant. These results can 
help to reinterpret the particle size distribution: 

- Since both particle types have different densities, the 
psd should be recalculated for both types individually. 
Fortunately, the difference in densities is small 
(0.011 g/cm^), which also makes the shift in particle 
sizes small ( < 3 nm) and a recalculation avoidable. 

- The psd of the colored particles (Fig. 4) showed a 
shoulder at small diameters where the psd of all 
particles (Fig. 3) had a second maximum. Since it is 
now clear that there are uncolored particles, this 
maximum of the overall psd is made up by two 
different types of particles: colored and uncolored 
ones. The deconvolution of this peak would require 
more experiments, without delivering additional in- 
formation for the understanding of the formation of 
the NanoColorants. 



Micro gel analysis 

Up to now we have learned that: 

- The dye is incorporated in latex particles. 

- There are particles with dye and particles without. 

- Colored and uncolored particles have different diam- 
eters. 

- Colored and uncolored particles have different chem- 
ical composition. 

Flowever, no information could be gathered so far on 
how the dye is bound inside the particles. Two different 
possibilities are imaginable: the dye can either be 
chemically bound to the polymer chains, or it can be 
just physically fixed inside the particle. Dissolution of 
the particles in a good organic solvent should make these 
two possibilities distinguishable. Unfortunately, the 
dispersions are made with a certain amount of cross- 
linker. So the particles can only swell, but not dissolve 
completely in the solvent [17, 18]. For the systems under 
investigation, THF is a good solvent and has therefore 
been used for these experiments. However, if the dye is 
held inside the particles only by physical fixation, it 
should still have the ability to migrate into the solvent 
phase; otherwise it should sediment together with the 
particles. 

Sample I 

Figure 8 shows the sedimentation coefficient distribution 
of a NanoColorant sample diluted in THF. The mean 




s / Sved 

Fig. 8 Sedimentation coefficient distribution of the gel particles. The 
data were taken from a run at 3000 rpm with the interference optics as 
detector 

sedimentation coefficient of several thousand Sved 
indicates that the sedimenting species are microgel 
particles [18]. The distribution has two peaks and a 
shoulder accounting for fast sedimenting species. The 
shape of the distribution of the microgel particles 
corresponds well to the bimodal particle size distribution 
discussed above. Therefore both types of particles do 
contain some crosslinker. As both species are sediment- 
ing relatively fast, the amount of crosslinker and the 
degree of swelling is similar for all particles. 

When the same experiment is carried out with the 
absorption detector working near the absorption max- 
imum, no change in the absorption can be found for the 
whole run. Absorption spectra taken before and after 
the run show only small differences (Fig. 9). The solid 
line (spectrum before sedimentation) indicates a slightly 
higher absorption at short wavelengths than the dashed 




Fig. 9 Absorption of the sample before and after an s-run of the 
sample diluted in THF. Since there is almost no change in the 
spectrum, the dye is mobile enough to migrate out of the swollen 
particles 
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line (spectrum after the run). These small differences are 
due to contributions from Mie scattering of the microgel 
particles in the system. 

The combination of the two detectors gave the 
information that in case of sample 1 the dye was 
physically held inside the microgel particles. When 
dissolving the dispersion in an organic solvent, the dye 
becomes mobile enough to migrate out of the swollen 
network from the particle into the liquid phase. No dye 
remained inside the particles. 

Sample 2 

The experiments described in the last paragraph were 
also carried out with another sample (sample 2). The 
sedimentation coefficient distribution, as detected with 
the RI detector (Fig. 10; wide spaced dots represent the 
differential distribution, long dashes the integral), is 
bimodal. This distribution again reflects the bimodal psd 
of the latex in water. The same experiment with the 
absorption optics at a wavelength near the absorption 
maximum of the dye also yields a bimodal sedimentation 
coefficient distribution, as shown in Fig. 10 (small 
spaced dots represent the differential distribution, short 
dashes the integral). The swelling in an organic solvent 
did not give the dye enough mobility to migrate out of 
the particle. So the dye in this sample must have been 
chemically bound to the polymer chains of the latex. 

A closer look at Fig. 10 reveals some difference in the 
distributions. The sedimentation coefficients derived 
from the peak maximum and the shoulder of the fast 
peak are slightly shifted to higher s-values when 
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Fig. 10 Differential and integral sedimentation coefficient distribution 
of sample 2. The wide spaced line symbols represent the distribution as 
detected with the refractive index detector. The narrow spaced symbols 
belong to the distribution from the absorption detector at 553 nm 



comparing the results from the analysis with the 
absorption detection with those from RI detection. As 
discussed before for the differences in the psd measured 
with these two detectors, this shift is an artifact due to 
the time needed for detection with the absorption optics. 
The difference in the broadness of the bands is just an 
apparent one. More important than this artifact is the 
difference in the relative intensities of the peaks repre- 
senting the faster and the slower moving microgel 
particles. This difference can easily be seen by comparing 
the two integral distributions. The amount of slow 
moving colored particles is about 10% (Fig. 10; height 
of the first step of the short dashed curve, representing 
the integral distribution of the experiment with the 
absorption detector). If all particles are taken into 
account, i.e. the integral distribution from the run 
detected with the RI detector, a lot more (30%) slow 
moving particles are detected (Fig. 10; long dashed 
curve). Therefore there have to be uncolored slow- 
moving microgel particles. So the combination of the 
two detectors could prove any differences in the amount 
of dye chemically bound to different particles. So the 
results of the s-run in THF underline the results from the 
same experiment in water. 



Conclusions 

This paper showed that colloidal samples containing a 
component absorbing in a wavelength range between 
180 and 800 nm can be very efficiently analyzed with the 
two detectors of the XL-I. As an example for colored 
systems, a novel class of nanoscopic polymeric colo- 
rants, the so-called NanoColorants, were investigated. 
Beside a lot of information gathered by the use of a 
single detection unit sensitive to the RI of the sample, 
the combination of two detectors as described above 
delivered detailed information about the distribution of 
the dye in the dispersion. We were able to show that the 
dye is completely located within the particles. However, 
not all particles are equally colored. The less dense 
particles do contain dye, whereas the more dense ones 
do not. The particle size distributions of the colored and 
the noncolored particles are different. 

In order not to overload this paper, the results from 
investigations with the Schlieren optics were not depic- 
ted. The experiments with this optical system delivered 
similar results when colored Schlieren photographs were 
taken, which include the information stored in the color. 
The Schlieren optics of course fails when dealing with 
systems showing only UV absorption, but no color on 
color prints. 
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Abstract The oligomeric state and 
formation of supramolecular struc- 
tures of glycogen phosphorylase b 
from rabbit skeletal muscles have 
been studied in the system of hy- 
drated reversed micelles of sodium 
bis-2-ethylhexyl sulfosuccinate 
(aerosol OT, AOT) in octane. Sedi- 
mentation analysis shows that the 
oligomeric state of the enzyme is 
controlled by the degree of hydra- 
tion of the micelles ([H 2 O]/ 

[AOT] = Wo). The monomeric 
(in the range of wq from 10 to 16), 
dimeric (10 < wq < 30), trimeric 
(30 < Wq < 38), tetrameric 
(23 < Wq < 42), hexameric 
(41 < Wq < 50), or octameric forms 
(48 < Wq < 53) of the enzyme were 
observed depending on the degree of 
hydration. Sedimentation behaviour 
of uridine phosphorylase from Esc- 



herichia coli K-12 in the micellar 
system was studied in the range of wq 
from 8.4 to 23.9. The monomeric (at 
Wq = 8.4), dimeric (at wq = 12.9), 
trimeric (at wq = 16.1), tetrameric 
(at t+o = 18.6) and hexameric (at 
Wo = 23.9) enzyme forms were reg- 
istered. The results obtained show 
that the hydrated reversed micelles 
are a powerful tool for the study of 
not only dissociated forms of 
oligomeric enzymes but also supra- 
molecular structures. These latter 
structures mimic the ordered supra- 
molecular complexes of the enzymes 
whose formation is favoured by the 
crowded molecular conditions 
encountered in vivo. 

Key words Sedimentation • Re- 
versed micelles • Phosphorylase b • 
Uridine phosphorylase 



Introduction 

Systems of hydrated reversed micelles of surfactants in 
organic solvents provide an effective tool for the study 
of the structure and function of enzymes [1-8]. The 
hydrated reversed micelles of sodium bis-2-ethylhexyl 
sulfosuccinate (aerosol OT, AOT) in octane are partic- 
ularly useful in this regard. These micelles are charac- 
terized by a relatively narrow distribution of their 
dimensions, the dimensions of the inner cavity of a 
micelle being strictly governed by the degree of hydra- 
tion of the micelles, namely the ratio of the concentra- 
tion of H 2 O to AOT, Wo [9-10]. Hydrated reversed 
micelles are able to include enzymes whilst retaining 



their catalytic activity. In the case of oligomeric enzymes 
variation of the ratio of the concentration of H 2 O to 
AOT allows dissociation of the enzymes under mild 
conditions to be induced and the enzymatic character- 
istics of the individual oligomeric forms to be studied 
(Table 1) [1-7]. 

In this paper we report the behaviour of glycogen 
phosphorylase b (EC 2. 4. 1.1) from rabbit skeletal muscle 
in such hydrated reversed micelles. Phosphorylase b 
consists of two identical subunits with molecular masses 
of 97.4 kDa each. Dimers of phosphorylase b are very 
stable at neutral values of pH and simple dilution of the 
enzyme solution does not result in the dissociation of 
dimers into monomers. The allosteric activator AMP 



130 



Table 1 Oligomeric state of enzymes in the sodium bis-2-ethylhexyl sulfosuccinate (AOT) water/octane micellar system 



Enzyme 



Quaternary structure Oligomeric state of the enzyme References 

of the native enzyme in the micellar system 



Lactate dehydrogenase from pig skeletal muscle 
Glyceraldehyde-3-phosphate dehydrogenase 
from rabbit skeletal muscle 
Alkaline phosphatase from calf intestinal mucosa 
}'-Glytamyltransferase 

Penicillin acylase from Escherichia coli 

GMi-galactosidase from human kidney 
Ketoglutarate dehydrogenase from pigeon breast muscle 
Uridine phosphorylase from Escherichia coli K-12 

Glycogen phosphorylase h from rabbit skeletal muscle 



Tetramer (144 kDa) 


Monomer, dimer, tetramer, octamer 


3 


Tetramer (140 kDa) 


Monomer, dimer, tetramer 


1, 3 


Dimer (146 kDa) 


Monomer, dimer 


3 


Heterodimer (75 kDa) 


Light (21 kDa) and heavy (54 kDa) 
subunits, dimer 


6 


Heterodimer (89 kDa) 


Light (26 kDa) and heavy (63 kDa) 
subunits, dimer 


4 


Octamer (650 kDa) 


Monomer, tetramer, octamer 


5 


dimer (150 kDa) 


Monomer, dimer 


3 


Hexamer (165 kDa) 


Monomer, dimer, trimer, tetramer, 
hexamer 


This paper 


Dimer (195 kDa) 


Monomer, dimer, trimer, tetramer, 
hexamer, octamer 


This paper 



induces the association of the enzyme with the formation 
of tetramers [11-16]. 

We have also studied uridine phosphorylase (EC 
2. 4. 2. 3) from Escherichia coli K-12 which catalyses 
phosphorolysis of uridine with formation of ribose 1- 
phosphate and uracil [17, 18]. This enzyme consists of six 
identical subunits with molecular masses of 27.5 kDa 
[19-21]. According to electron microscopy data [22], six 
subunits are disposed in the apexes of a triangular 
antiprism, and so the structure of the molecule is two- 
layered. The diameter of the molecule along the third- 
order symmetry axis is 9 nm, whereas the height of the 
two-layer structure is 6 nm. X-ray data support the view 
that the hexamer is formed from three dimers, two 
dimers in each trimer being connected by a noncrystal- 
lographic second-order symmetry axis [23]. Three dimers 
in a hexamer are connected by the third-order symmetry 
axis. 



Materials and methods 

AOT was purchased from Merck and Serva (Germany) and used 
without additional purification. According to the IR spectroscopic 
data, the preparations from Merck and Serva contained 2.5 and 
0.85 mol of H2O per mole of AOT, respectively. When calculating 
the degree of hydration of reversed micelles of AOT in octane, we 
took into account these values for the water content. n-Octane was 
purified by distillation over P2O5. 

Phosphorylase h was isolated from rabbit skeletal muscles 
according to the method described by Fisher and Krebs [24] 
replacing cysteine by mercaptoethanol. In order to remove AMP, 
the enzyme solution was passed through a column with a mixture 
of activated coal Norit A and cellulose powder in the ratio 1:1. A 
useful criterion of purity of the enzyme was the ratio of the optical 
absorbances A26o/^2so which should not exceed 0.55. 

Aqueous solutions of phosphorylase h with concentrations 
ranging from 5 x 10^* to 10^“* M were prepared in 0.05 M glycyl 
glycine buffer (pH 6.8). In order to obtain the micellar system, a 
definite volume (14-96 ji\) of the water enzyme solution was added 
to 1 ml 0.1 M solution of AOT in octane. The mixture obtained 
was vigorously shaken until the solution became transparent. 



Uridine phosphorylase was prepared from E. coli K-12 (the 
superproducer of the enzyme) by the method described in Ref. [22] 
using 1 mM 2-mercaptoethanol for protection of the sulfydryl 
groups of the enzyme from oxidation. According to the results of 
electrophoresis in polyacrylamide gel [25], the enzyme preparation 
was homogeneous. Protein concentrations were determined either 
spectrophotometrically using an absorbance index of 0.67 cm“' for 
a 0.1% solution at 280 nm [17] or by the Bradford assay [26]. 

The oligomeric state of phosphorylase b and uridine phosphor- 
ylase in the system of the reversed hydrated micelles of AOT in 
octane was studied by the sedimentation velocity method in a 
Spinco, model E (Beckman) analytical ultracentrifuge using the 
absorption scanning system, an An-G six-hole rotor and double- 
sector cells. The rotor speed was varied from 20 000 to 30 000 rpm. 
Scanning was carried out at 280 and 290 nm for the protein- 
containing micelles and at 405 nm for the empty micelles stained by 
2,4-dinitrophenol. Prior to ultracentrifugation the samples were 
incubated for 1-2 h at 20 °C. 



Results and discussion 

Sedimentation of phosphorylase b entrapped in reversed 
micelles of AOT in octane was studied over a range of the 
degree of hydration, wq, from 10 to 53. When changing 
the content of water in the system (in definite intervals of 
tvo) we observed the simultaneous presence of several 
oligomeric forms of the enzyme. As an example. Fig. 1 
shows sedimentation of phosphorylase b entrapped in 
reversed micelles at ratios of the concentration of H 2 O to 
AOT of 30 and 40. Apart from the boundary which 
corresponds to the empty micelles and is represented by 
the lowest value of the sedimentation coefficient, the 
sedimentation patterns contain two boundaries corre- 
sponding to the protein-containing micelles. At other 
values of wq the sedimentation patterns also included, 
as a rule, several boundaries of the protein-containing 
micelles. The values of the sedimentation coefficients 
for the empty and protein-containing reversed micelles at 
various values of wq are presented in Fig. 2. The errors in 
the measured sedimentation coefficients do not exceed 
1 S. The sedimentation coefficients for the empty micelles 
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Radius, cm 



Fig. la, b Sedimentation of muscle phosphorylase h entrapped in the 
reversed hydrated micelles of sodium bis-2-ethylhexyl sulfosuccinate 
(aerosol OT, AOT) in octane at 20 °C. Sedimentation was from left to 
right, a The degree of the micelle hydration was 30; sedimentation 
times were 1, 8, 11, 14.5, and 18 min. b The degree of micelle 
hydration was 40; sedimentation times were 2, 8, 13, 15, and 19 min. 
The rotor speed was 30 000 rpm. Scanning was carried out at 280 nm. 
Near the boundaries of the sedimentation patterns the corresponding 
sedimentation coefficients for the empty and protein-containing 
micelles are given. The boundaries with the least sedimentation 
coefficient correspond to the empty micelles 



r, nm 

S, 523456789 




In order to facilitate the assignment of the sedimentation 
coefficients to certain oligomeric forms of phosphorylase 
b, we calculated the theoretical values of the sedimen- 
tation coefficient of the protein-containing micelles using 
equations proposed in earlier works [3, 6, 27, 28]. If the 
dimensions of the inner cavity of the micelle exceed 
those of the protein molecule, entrapment of the protein 
occurs without change in the hydrodynamic radius of 
the micelle. In accordance with the “fixed-sized” model 
[27, 28], the theoretical value of the sedimentation 
coefficient of the protein-containing micelle (j) may be 
calculated in this case by the formula [27, 28] 



s 



sq 




Mr 1 

Mo (1 - vqp) 



( 2 ) 



where M^ is the molecular mass of the oligomeric form 
of the protein, p is the solvent density; Mq, and vq are 
the sedimentation coefficient, molar mass, and specific 
partial volume of the empty micelle, respectively. This 
equation is based on the assumptions that the diffusion 
coefficient of the empty micelle is equal to that of the 
protein-containing micelle and that the molecular mass 
of the protein-containing micelle (Mpc) is related to 
parameters of Mo and M^ by the expression 

Mpc = Mq + Mr . (3) 



Fig. 2 The dependence of the sedimentation coefficient (s) for the 
reversed hydrated micelles of AOT in octane on the degree of micelle 
hydration. The points are the experimental data obtained for the 
micelles containing phosphorylase h. The dotted curves are calculated 
using Eqs. (2) and (4) for monomer (curve 7; M, = 97 400), dimer (2; 
Mr = 194800), trimer (3; M, = 292200), tetramer {4; = 

389 600), hexamer (5; M = 584400), and octamer (6; = 

779200). The solid curve is the dependence of the sedimentation 
coefficient on ivo for the empty micelles. The upper axis is the radius of 
the inner cavity of the micelle, r, which is related to wq by the equation 
r /nm = 4 + 0.15 ivq [3, 9] 



(yo) increase with increasing t+o (Fig. 2) and the exper- 
imental data are well represented by the empirical 
formula (at a constant AOT concentration of 0.1 M); 

yo = 4.5 + 0.55wo + 0.0081wg . (1) 



Equation (2) was deduced from the Svedberg equations 
written for the protein-containing and empty micelles 
[28]. 

When the radius of the inner cavity of the micelle is 
less than that of the protein globule, in accordance with 
the “induced-fit” model [3, 27], the solubilized protein 
creates its own micelle equipped with a hydrated 
surfactant monolayer with a degree of hydration iden- 
tical to that of the original empty micelles. The following 
expression may be used for calculation of the theoretical 
value of the sedimentation coefficient of the protein- 
containing micelle [3, 27]; 



y = y, 



opt 



1 + 



Mr - «opt(Wopt - Wo); 



M, 



opt 



(1 - Poptp) 



( 4 ) 
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where Wopt is the optimum value of the degree of micelle 
hydration at which the radius of the inner cavity of the 
micelle is equal to that of the protein globule; 5opt, d^opt, 
«opt, and Copt are the values of the sedimentation 
coefficient, molecular mass, aggregation number (num- 
ber of AOT molecules in a single micelle), and specific 
partial volume of the empty reversed micelle at the 
optimum degree of hydration, respectively, and m is the 
molecular mass of water. When deriving Eq. (4), it is 
assumed that the aggregation number for the protein- 
containing micelle is identical to that calculated for the 
empty micelle at wq = Wopt- In order to calculate the 
radius of the protein molecule and the value of Wopt, 
the phosphorylase b molecule was approximated by a 
solid sphere. The empirical equations [29] 

r = 0.07(Mr) nm and Wopt = 0.47 (M^) - 2.67 

( 5 ) 

were used then for calculation of parameters r and Wopt- 
The parameters entering Eq. (4) are given in Table 2 for 
different oligomeric forms of phosphorylase b. 

Eor the dimeric form of phosphorylase b the value of 
tVopt is 24.7; therefore, in the region of h’q values where 
wq > 24.7 the theoretical values of the sedimentation 
coefficient of the protein-containing micelles were cal- 
culated using Eq. (2). In the region where wq < 24.7 
(i.e., where the diameter of the dimeric form of the 
enzyme exceeds the diameter of the inner cavity of the 
micelle) we used Eq. (4). The results of our calculations 
are presented in Eig. 2 (curve 2). As can be seen from 
Fig. 2, the dimeric form of phosphorylase b is observed 
in the range of wq values from 10 to 30. 

It should be noted that the radius of the phosphor- 
ylase b molecule which was obtained on the basis of 
approximation of the dimer by a sphere {r = 4.1 nm) 
corresponds to the most compact arrangement of the 
dimeric form in the micelle. If we take into account the 
Stokes radius of the dimeric form determined by the 
gel-filtration method (4.9 nm [31]), we should accept 
that the optimum degree of micelle hydration will be 
essentially greater, namely about 30. When choosing 
Wop, and calculating the theoretical values of the 



sedimentation coefficient, we used both variants of 
the value of the radius of the dimeric form. Compar- 
ison of the experimental and theoretical values of the 
sedimentation coefficient showed that the approxima- 
tion of dimer by a sphere with a radius of 4.1 nm 
provides the best description of the experimental data; 
however, it should be noted that in the region of wq 
values from 10 to 16 the experimental points are placed 
above the theoretical curve. Equation (4) is probably 
not applicable for the description of the sedimentation 
behaviour of the protein-containing micelles in the 
region wq < Wop, when wq differs substantially from 

^^opt- 

The sedimentation coefficient of the monomeric form 
of phosphorylase b ai < \9 was calculated using 
Eq. (4). The monomeric form was observed in the range 
of Wq from 10 to 16 (Fig. 2, curve 1); however, the 
fraction in the monomeric form is small and apart from 
this form the micellar system contains dimers and 
aggregates with a sedimentation coefficient of about 
90 S. The appearance of aggregates is probably due to 
the enhanced ability of the monomeric form of 
phosphorylase b to aggregate as was shown for the 
monomeric form of apoenzyme [32, 33]. According to 
the data obtained by Barford and Johnson [34], 54% of 
the surface of the isolated subunit has nonpolar 
character. Dissociation of dimer into subunits is 
probably accompanied by the exposure of the hydro- 
phobic regions on the surface of the protein globule 
which are able to interact with the micellar shell, 
resulting in the aggregation of the enzyme-containing 
micelle. 

As can be seen from Fig. 2, at rather high values of 
Wq the supramolecular forms of phosphorylase b appear 
in the system. According to our calculations, the 
sedimentation coefficients of 68-72 S (curve 3), 80- 
84 S (curve 4), 100-102 S (curve 5), and 118 S (curve 6) 
correspond to the trimeric, tetrameric, hexameric, and 
octameric forms of phosphorylase b. The trimeric form 
was observed in the range of wq values from 30 to 38, the 
tetrameric form in the range from 23 to 42, the 
hexameric form in the range from 41 to 50, and 
the octameric form in the range from 48 to 53. 



Table 2 Parameters of hydrated 
reversed micelles 



Phosphorylase h 


M, 


r (nm) 


^opt 


■?opt (S) 


Mop,“ 


^opt 


(1 - !’optp)‘' 


Monomer 


97 400 


3.22 


19.0 


17.8 


204000 


260 


0.3537 


Dimer 


194 800 


4.06 


24.7 


23.0 


356000 


400 


0.3465 


Trimer 


292 200 


4.64 


28.5 


26.7 


486000 


508 


0.3440 


Tetramer 


389 600 


5.11 


31.7 


30.0 


627 000 


617 


0.3408 


Hexamer 


584400 


5.85 


36.6 


35.5 


881000 


798 


0.3379 


Octamer 


779 200 


6.44 


40.6 


40.2 


1133 000 


964 


0.3350 



“Mop, = (19 + 2.1 ivop,)" [27] 

Hop, = Mop,/(Maot + Maot = 445, m = 18 

“Popt was calculated in accordance with data presented in Refs. [10, 30] 
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Thus, the variation of the degree of micelle hydra- 
tion allows us to modulate purposefully the oligomeric 
state of muscle phosphorylase b, which in aqueous 
solution exists in a stable dimeric form. Using the 
micellar system with rather low values of the degree of 
hydration allows us to register the monomeric form of 
phosphorylase b. When wq > 24.7 the tetrameric form 
of the enzyme appears. In aqueous solution the tetra- 
meric form is formed only in the presence of AMP. 
Moreover, at wq > 41 phosphorylase b entrapped in 
the reversed micelles is able to form supramolecular 
structures of more complex composition (hexamers and 
octamers). 

The sedimentation behaviour of uridine phosphory- 
lase from E. coli K-12 in hydrated reversed micelles of 
AOT in octane was also studied in the range of wq 
values from 8 to 23.9. At Wq = 8.4 the sedimentation 
coefficient of the protein-containing micelles was found 
to be 22 S. When wq = 12.9, we observed the boundary 
corresponding to the empty micelles and two bound- 
aries of the protein-containing micelles (s = 23 and 
34.6 S) corresponding, presumably, to different oligo- 
meric forms of uridine phosphorylase. At wq = 16.1 
and 18.6 the sedimentation patterns also included 
several boundaries of the protein-containing micelles. 
Experimental values of the sedimentation coefficient for 
the protein-containing micelles as a function of wq are 
presented in Fig. 3. In order to address the question of 
which oligomeric forms correspond to the sedimenta- 
tion boundaries, we calculated the sedimentation coef- 
hcients to be expected for definite oligomeric enzyme 
forms. For the micelles with hydration degrees of 8.4, 
12.9, and 16.1 the radii of the inner cavity of the micelle 
were found to be 1.65, 2.33, and 2.81 nm, respectively. 
The dimensions of the inner cavity of the micelles allow 
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Fig. 3 The dependence of the sedimentation coefficient (.v) of 
hydrated reversed micelles containing entrapped uridine phosphory- 
lase on Wf,. The points are the experimental data. The dotted lines 1-4 
are calculated according to Eq. (2) for monomer (7; = 27 500), 

dimer (2; = 55 000), trimer (J; = 82500), and tetramer of 

uridine phosphorylase (4\ M, = 110000) 




the monomeric, dimeric, and trimeric forms of uridine 
phosphorylase, to be incorporated. Curves l~4 in Fig. 3 
are calculated according to Eq. (2) assuming that the 
incorporation of monomer (1), dimer (2), trimer (3), 
and tetramer (4), respectively, does not result in a 
change in the size of the micelle. Comparison of the 
experimental and calculated values of the sedimentation 
coefficients shows that at degrees of hydration of 8.4 
and 12.9 the micelles are able to incorporate the 
monomeric form. At Wq = 12.9, apart from the mono- 
meric form, the dimeric form is incorporated in 
micelles. At ivo=16.1 the incorporation of the mono- 
meric, dimeric, and trimeric forms takes place. When 
Wo =18.6, apart from the trimeric form, the tetrameric 
form is incorporated in micelles. 

At Wq > 20.9 the micellar system becomes opaque. 
The appearance of turbidity is probably due to nonspe- 
cific aggregation of the enzyme in micelles. To preclude 
such aggregation, we centrifuged the micellar system in 
the presence of 42 mM guanidine hydrochloride. The 
sedimentation coefficient of the protein-containing 
micelles at wq = 23.9 was found to be 49.3 S. The 
theoretical value of the sedimentation coefficient calcu- 
lated from Eq. (2) for the hexameric enzyme form (50 S) 
coincides with the experimental value of the sedimenta- 
tion coefficient; therefore, we assign the protein-con- 
taining micelles at this value of wq to the hexameric form 
of the enzyme. 

Thus, using hydrated reversed micelles of AOT in 
octane facilitates the dissociation of uridine phosphor- 
ylase with the formation of the monomeric, dimeric, 
trimeric, and tetrameric forms of the enzyme. Under 
certain conditions the hexameric form of the enzyme in 
the micellar system may be registered. Special experi- 
ments showed that all the oligomeric forms of uridine 
phosphorylase incorporated in hydrated reversed mi- 
celles are catalytically active [35]. 

The results obtained confirm that hydrated reversed 
micelles can be used as microreactors for the design of 
supramolecular complexes of proteins [3]. The crowded 
solution environment in a micellar core reminds us of 
the nanoreactor concept where inorganic colloids of 
defined sizes are synthesized in the cores of block 
copolymer micelles [36, 37]. The environment within 
cells is often vastly different from the very dilute 
solutions studied in laboratories. It is becoming increas- 
ingly apparent that the crowded molecular conditions 
encountered in vivo favour the formation of macromo- 
lecular assemblies [38]. The supramolecular structures 
registered by us in the micellar systems may serve as a 
model of ordered supramolecular complexes of the 
enzymes in the cell. 
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Abstract Selected nonionic and 
zwitterionic detergents have been 
investigated by sedimentation veloc- 
ity and equilibrium runs in the 
analytical ultracentrifuge in a sys- 
tematic manner. UV-visible absorp- 
tion spectroscopy and determinations 
of the partial specihc volumes were 
used as complementary techniques. 
Pilot tests comprised the following 
detergents: Nonidet P40, Triton 
X-100 and X-114, Tween 20 and 80, 
C7-, Cg-, C9-, and Cio-glucosides, 
Cg-thioglucoside, and Zwittergents 
3-08, 3-10, 3-12, 3-14, and 3-16. 
Application of analytical ultracen- 
trifugation to detergents requires a 
series of adaptations and improve- 
ments of the conventional tech- 
niques, in addition to the 
consideration of possible pitfalls and 
precautions required for certain de- 
tergents. In this context, the neces- 
sity to differentiate between the 
signals of monomeric and micellar 
detergents, on the one hand, and 
(macro)solutes of different size, 
on the other, has to be mentioned. 
Monitoring the sedimentation pro- 
files of weakly absorbing detergents 



becomes feasible by labeling the 
detergent micelles using the fluores- 
cent dye A-phenyl-l-naphthylamine. 
Owing to the chemical nature of the 
detergents under analysis and dif- 
ferences in size and shape of the 
corresponding micelles, the results 
reveal significant differences in the 
behavior of the detergents, depend- 
ing on the experimental conditions. 
The detergents exhibit a broad mass 
distribution, caused by heterogeneity 
and impurities of commercial sam- 
ples. 

Key words Nonionic and zwitter- 
ionic detergents • Micelles • 
Aggregation number • Analytical 
ultracentrifugation • Absorption 
spectroscopy 

Abbreviations AF amplification fac- 
tor -AFC analytical ultracentrifu- 
gation • CMC critical micelle 
concentration • CMT critical micelle 
temperature • HSSE high-speed 
sedimentation equilibrium • NaP 
sodium phosphate buffer • NPN 
A-phenyl-l-naphthylamine • SDS 
sodium dodecyl sulfate 



Introduction 

Ionic and nonionic detergents are widely used in the 
(bio)sciences and in (bio)technological processes, to 
solve problems such as solubilization, unfolding, and 
characterization of simple and conjugated proteins (e.g., 
membrane proteins) (cf. [1-9]). The investigation of 



monomeric and micellar detergents by means of phys- 
icochemical techniques yields a variety of molecular 
characteristics. As follows from a critical inspection of 
the relevant literature, however, most investigations are 
restricted to characteristic numbers such as critical 
micelle concentration (CMC), critical micelle tempera- 
ture (CMT), aggregation number, cloud point, etc. 
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By contrast, studies on structural properties and other 
more complex features of detergents are rather scarce. 
For a deeper understanding of the interaction of 
detergents with biomolecules and for the utilization of 
detergents on a more rational basis, the comparative 
analysis of various types and classes of detergents is 
required. Therefore, we started a detailed physicochem- 
ical investigation of cationic, anionic, zwitterionic, and 
nonionic detergents under various experimental condi- 
tions. Results may be used as starting points for the 
appropriate choice of a suitable detergent for a given 
problem. 

Experiments on anionic sodium dodecyl sulfate 
(SDS) and protein-SDS complexes have been reported 
[10-16]. The present study is concerned with an ultra- 
centrifugal analysis of nonionic and zwitterionic deter- 
gents, together with supplementary spectroscopic and 
densimetric measurements concerning their absorption 
and buoyancy behavior. 

In the past, for the mass estimation and structural 
analysis of detergent micelles, primarily techniques such 
as solution scattering (light, small-angle X-ray, and 
neutron scattering) were applied (e.g. [17-21]). Though 
manifold investigations have been performed on certain 
micelles, the precise size and structure of the various 
types and classes of micelles and their behavior under 
varying environmental conditions are not yet fully 
understood. We chose analytical ultracentrifugation 
(AUC) as an efficient screening method to estimate the 
size of detergents and to investigate their mass distribu- 
tions. Applying AUC, however, necessitated the adap- 
tation of existing evaluation procedures to these types of 
labile and heterogeneous compounds. 



Materials and methods 

Polyoxyethylene alkylphenols (Nonidet P40, Triton X-100, Triton 
X-114), polyoxyethylene monoacyl sorbitans (Tween 20, Tween 
80), and alkylthioglucoside (CgTGS) were obtained from Boeh- 
ringer (Mannheim), alkylglucosides (C7GS, CgGS, CgGS, CioGS) 
and dimethylalkylammoniopropanesulfonates (Zwittergents 3-08, 
3-10, 3-12, 3-14, 3-16) from Calbiochem (Bad Soden), and N- 
phenyl-l-naphthylamine (NPN) from Sigma (Munich); all other 
reagents were of analytical grade. 

Detergents were dissolved in bidistilled water or aqueous 
solutions containing 50 mM sodium phosphate pH 7.0 (NaP, 
/- 0.1 mol/1) and the fluorescent dye NPN for labeling (primarily 
micellar) detergents [22]. 

Sedimentation velocity and equilibrium experiments were 
performed in a Beckman model E analytical ultracentrifuge 
equipped with a high-sensitivity photoelectric scanner and multi- 
plexer system and a 10-inch recorder; runs were performed in a six- 
hole rotor (AnG), using 12 mm double-sector cells (charcoal-filled 
epon) and sapphire windows. Densities and viscosities of solvents 
and detergent solutions were determined by means of a Paar digital 
density meter (DMA 02) and an Ostwald viscometer (5 ml, flow 
time for water about 320 s), respectively. Absorption spectra were 
recorded with a Perkin-Elmer Lambda 5 spectrophotometer. 
Investigations were performed at 25 °C. 





Fig. 1 Absorption spectra of aqueous solutions of nonionic and 
zwitterionic detergents in the absence and in the presence of 0. 1 mM 
NPN: a detergents (c = 0.05%) containing aromatic residues; 
b detergents (c = 1 %) devoid of aromatic residues 



AUC experiments made use of sedimentation velocity and 
equilibrium runs, allowing the characterization of detergent 
micelles in terms of sedimentation coefficients and molar mass 
weight averages of the macromolecular species [8, 13, 14, 23-27]. 
Apparent sedimentation coefficients were obtained from In r 
versus t plots; they were converted to standard conditions 
(.V 2 o,w); making use of corrections for solvent viscosity and 
density. Molar masses (M) were determined by high-speed 
sedimentation equilibrium (HSSE), using the meniscus depletion 
technique [24], 

Partial specific volumes of micellar detergents were calculated 
on the basis of the volume increments of the constituents according 
to [28, 29]. Experimental volumes were obtained from observed 
solution densities (cf [30]). 



Special problems with micellar detergents 

The investigation of micellar systems by means of AUC 
is affected by various problems and pitfalls (cf. [13, 14]). 
In the context of the analysis of detergent micelles, the 
following aspects are of importance: 

1. Frequently, detergents contain impurities and are 
heterogenous (presence of a variety of homologs). 
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Table 1 Comparison of calculated and experimental partial specific volumes of selected nonionic 


and zwitterionic detergents 


Detergent"* 


(g/mol) 


(cm^/g) 


«exp_ 

(cm^/g) 


Nonionic detergents 
Polyoxyethylene alkylphenols 


tC 2 <f>Eii (Nonidet P40)** 


606.8 


0.876 


0.916 ± 0.003' 


tCg<^E 7 5 (Triton X-114) 


536.7 


0.924 


0.925 ± 0.004*' 


tCg^Eio.o (Triton X-100) 


646.9 


0.913 [28, 29] 


0.905 ± O.OOfl 
0.908-0.918 [20, 32, 33] 


Polyoxyethylene monoacyl sorbitans 


Ci 2 SorbE 2 o (Tween 20) 


1227.5 


0.869 [28, 29] 


0.876 ± 0.002‘, 0.869 [33] 


Ci 8 :iSorbE 2 o (Tween 80) 


1309.7 


0.889 [29] 


0.896 ± 0.002*', 0.896 [33] 


Alkylglucosides 


CyGS 


278.3 


0.826 


- 


CsGS 


292.4 


0.842 [28, 29] 


0.859-0.867 [26, 34] 


CyGS 


306.4 


0.856 


- 


CioGS 


320.4 


0.869 


- 


Alkylthioglucoside 


CgTGS 


308.4 


0.830 


0.833 ± 0.005* 


Zwitterionic detergents 

Dimethylalkylammoniopropanesulfonates 


DCsAPS (Zwittergent 3-08) 


279.4 


0.918 


- 


DCioAPS (Zwittergent 3-10) 


307.5 


0.939 [29] 


0.920® [32] 


DC 12 APS (Zwittergent 3-12) 


335.6 


0.956 [29] 


0.957® [32] 


DC 14 APS (Zwittergent 3-14) 


363.6 


0.971 


- 


DC 16 APS (Zwittergent 3-16) 


391.7 


0.984 [29] 


0.986® [32] 



^Trade/trivial names are added in parentheses 
*’The molar mass is given for the monomeric unit 
Calculations were performed according to [28, 29] and refer to the 
micellar state and 25 °C; some values were taken from the given 
references 

Experimental values refer to the micellar state and 20-25 °C; 
some values were taken from the literature 

® Dilferent trade names and chemical structures are given by 
manufacturers: Nonidet P40, Nonidet NP40, NP40, etc.; tC 2 <^En, 



tCg(^Ei), etc. Consequently, observed results differ considerably. 
Varying composition may also be responsible for the discrepancies 
between calculated and experimental partial specific volumes or 
molar masses, on the one hand, and similarities in the properties 
between Nonidet P40 and Triton X-100, on the other 
^This study 

® Values measured at 30 °C 



This holds especially for commercially available 
samples. 

2. Appropriate experimental conditions regarding con- 
centration, temperature, ionic strength, etc., have to 
be adopted (consideration of CMC, CMT, and cloud 
point), to guarantee micelle formation, on the one 
hand, and to avoid disturbances caused by crystalli- 
zation of detergents or formation of colloidal inho- 
mogeneities, on the other. 

3. Detergent micelles exhibit sensitive equilibria, highly 
influenced by environmental conditions such as 
concentration of solutes and cosolutes, ionic strength, 
temperature, and pressure. Both size and shape of 
micelles may change as a consequence of the condi- 
tions applied. 

4. The absorbance of most detergents in the accessible 
wavelength range is rather weak. This impedes the 
detection and precise analysis of detergent micelles in 
the absence of appropriate labels. 

5. Labeling the detergent micelles by certain dyes may 
enable monitoring the micelles. In the context of 



ultracentrifugation studies, l,6-diphenyl-l,3,5-hexa- 
triene (DPH) has already been used as an efficient 
label [31]. We have applied NPN advantageously for 
spectroscopic and ultracentrifuge studies [13, 14]. 
Both labels have a limited solubility in water and 
partition primarily into an apolar environment such 
as the micellar interior [22, 31]. Obvious deficiencies 
of labeling procedures, however, are the possible 
influence of such dyes on micelle formation (CMC, 
mass, shape) and a pressure dependence of the 
partition coefficients. 

6. The occurrence of heterogeneity prevents the analysis 
of structural details, unless experiments at different 
rotor speeds are performed to achieve full separation 
of all macrosolutes present in solution. 

7. Mass determination by HSSE experiments requires an 
appropriate choice of the baseline. This turns out to 
be a crucial point, because different baseline settings 
cause different mass estimates. If ambiguous results 
are obtained, the baseline may be used as a free 
parameter within narrow limits. 
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Table 2 Sedimentation coefficients of selected nonionic detergents 
in water, monitored in the absence of NPN. AUC conditions: 
40 000 rpm, 25 °C, X =230 or 275 nm, amplification factor 
(AF) = 2 or 4 



Detergent 


Ultracentrifugation 










c (%) 


(nm) 


AF 


•slo.w 


(S) 


Nonidet P40“ 


0.02 


275 


2 


1.59 


± 


0.16 


Triton X-114 


0.02 


275 


2 


1.88 






Triton X-100 


0.02 


275 


2 


1.35 


± 


0.10’’ 


Tween 20 


1.0 


275 


2 


1.66 


± 


0.11 


Tween 80 


1.0 


275 


2 


2.82 






C«GS 


0.5 


230 


2, 4 


1.28 


± 


0.06" 


C9GS 


0.5 


230 


2, 4 


3.03 


± 


0.08 


CioGS 


0.5 


230 


2, 4 


5.21 


± 


0.79 


CsTGS 


1.0 


275 


2 


2.87 






“Cf. annotation e in Table 1 










’’A value of 1.32 S is reported in [35] 










“^A value of 1.3 S is reported in [34] 











Results and discussion 



The present investigation is concerned with spectroscop- 
ic and ultracentrifugal properties of nonionic and 
zwitterionic detergent micelles under various experimen- 
tal conditions, in particular with the elucidation of their 
molar masses. 



Absorption spectroscopy 

Under the common experimental conditions, the 
majority of detergents in the concentration range of 
their CMCs exhibit only weak absorption in the UV 
range >250 nm (Fig. 1), i.e. at wavelengths usually 
accessible to precise AUC experiments. Flowever, in 
the presence of certain dyes such as NPN, detergent 
micelles bind and/or include this label, thereby shifting 
spectra to longer wavelengths (about 346 nm in the 
case of NPN) and enhancing the absorbance consid- 
erably [13, 14]. 



Determination of partial specific volumes 

As is well known, knowledge of the absolute values of v 
is a necessary prerequisite for mass estimations by 
HSSE. Since the v values of many detergents are in the 
vicinity of 1 cm^/g, serious problems arise in solvents of 
a density of about 1 g/cm^. This holds especially for 
aqueous solutions, where the buoyancy term (1 — vp) 
approaches zero. Since precise experimental determina- 
tions of partial specific volumes v by densimetry are 
frequently not feasible (e.g. because of scarce amounts of 
material available, insufficient purity, adsorption), ap- 
propriate calculation approaches have to be adopted. 





[crri2] 



Fig. 2 HSSE of unlabeled Triton X-100 micelles in a A vs. r and 
b log A vs. / plots. Recording of micelles (c = 0.05%, NaP) was 
performed at 26 000 rpm and 245 nm. Observed molar mass: 
51.3 ± 1.9 kg/mol 

Fortunately, the prediction of partial specific volumes of 
micellar detergents on the basis of the increments of the 
constituents is accurate to ±2% [29]; this corresponds 
to the usual range of experimental accuracy of volume 
measurements. 

A comparison of the partial specific volumes of 
nonionic and zwitterionic detergents proves satisfactory 
coincidence between calculated and experimental values 
(Table 1). This justifies the application of the calculative 
procedure for estimating partial specific volumes of the 
detergents used in this study. An inspection of the values 
predicted for different detergents shows that the partial 
specific volumes vary with the nature of the detergent 
class and the chain length. 



Analytical ultracentrifugation 
Sedimentation velocity 

The sedimentation coefficients of nonionic detergent 
micelles under analysis vary between 1 and 5 S, 
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1^ [cm^] 



Fig. 3 HSSE of C 9 GS micelles, labeled with 0. 1 mM NPN, in a ,4 vs. r 
and b log A vs. plots. Recording of micelles (c = 0.5%, NaP) was 
performed at 16 000 rpm and 250 nm. Observed molar masses: 
44.3 ± 1.7 and 75.2 ± 1.5 kg/mol in the meniscus and bottom 
regions of the cell, respectively 

depending on the detergents used (Table 2). Differences 
in the values are due to differences in chemical structure 
(detergent class, chain length) and size and shape of the 
micelles. For example, for the Tween and alkylglucoside 
series, a clear correlation between increase in j and chain 
length is indicated. So far, the analysis of zwitterionic 
detergents failed, presumably owing to perturbations by 
NPN. 

Sedimentation equilibrium 

A great variety of FISSE experiments were performed 
with nonionic and zwitterionic detergent micelles under 
a variety of ultracentrifugal conditions (rotor speed, 
wavelength and amplification of registration, solvent, 
labeling). Typical data are illustrated in Figs. 2-A. 
Results are summarized in Table 3. 

The estimation of the particle size of both nonionic 
and zwitterionic detergents shows that the micelles 
analysed exhibit a variety of masses, considerably 
influenced by the rotor speed used (Table 3). Conse- 





Fig. 4 FISSE of Zwittergent 3-12 micelles, labeled with 0.1 mM 
NPN, in a ,4 vs. r and b log A vs. F plots. Recording of micelles 
(c = 1.0%, NaP) was performed at 40 000 rpm and 346 nm. 
Observed molar mass: 33.7 ± 1.6 kg/mol 



quently, the masses found at the highest speed show the 
lowest masses, and vice versa. This behavior is in 
marked contrast to previous findings for micellar SDS 
[14]. 

In fhe present study, both the chemical heterogeneity 
of the samples investigated and the size and shape 
changes of the micelles as a consequence of centrifuga- 
tion conditions (e.g., influence of pressure on the 
monomer/micelle balance and shape of micelles) may 
be responsible for the observed mass changes. This 
behavior may be demonstrated clearly for the detergents 
in buffer (Table 3). 

Sometimes we observed a relatively pronounced 
break in the log A versus plots and apparent molar 
masses in the bottom region of the centrifuge cell, 
differing by a facfor of about two from those in the 
meniscus region (cf. Fig. 3). This phenomenon, of 
course, increases the heterogeneity, caused by the 
presence of various homologs, further and makes the 
interpretation of the results much more difficult. A 
possible interpretation might be a concentration- 
dependent association of certain micelles. 
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Table 3 Molar masses M of selected detergents in water or buffer, obtained by HSSE under various conditions of centrifugation and 
registration in the absence or in the presence of the fluorescent dye NPN 



Detergent 


c NPN 

(%) (mM) 


Solvent Ultracentrifugation 




Literature 




Rotor speed X 


AF 










(rpm X 10“^) (nm) 


(kg/mol) 





Nonionic detergents 



Nonidet P40‘^ 


0.05 


- 


H 20 


22 


245, 290 


1, 4 


74 


± 


5 


122 


- 










26 


245, 280, 290 


1, 4 


39 


± 


5 


65 












40 


245, 280, 290 


1, 4 


32 


± 


6 


52 








- 


NaP 


16 


245, 280, 290 


1, 4 


84 


± 


10 


139 


- 










22 


245, 280, 290 


1, 4 


58 


± 


12 


95 












26 


245, 280, 290 


1, 4 


43 


± 


6 


70 












40 


245, 280, 290 


1, 4 


33 


± 


8 


53 




Triton X-114 


0.05 


- 


H 2 O 


26 


245, 280, 290 


1, 4 


91 


± 


23 


170 


- 










40 


245, 280, 290 


1, 4 


104 


± 


20 


193 




Triton X-100 


0.05 


- 


H 2 O 


26 


245, 280, 290 


1, 4 


57 


± 


7 


88 


100-155 [18, 20, 35-37] 










40 


245, 280, 290 


1, 4 


52 


± 


3 


80 








- 


NaP 


16 


245, 290 


1, 4 


66 


± 


12 


102 


100-155 [18, 20, 35-37] 










22 


245, 280, 290 


1, 4 


50 


± 


11 


78 












26 


245, 280, 290 


1, 4 


50 


± 


6 


77 












40 


245, 280, 290 


1, 4 


36 


± 


3 


56 




Tween 20 


1.0 


- 


H 2 O 


26 


230, 275, 290 


1, 4 


36 


± 


11 


29 


- 










40 


230 


1 


29 






24 




Tween 80 


1.0 


- 


H 2 O 


26 


275, 290 


1, 4 


87 


± 


8 


66 


38-58 [3, 4] 










40 


230 


1 


61 






46 




CyGS 


1.0 


0.1 


H 2 O 


26 


250, 295, 346 


1, 4 


27 


± 


9 


97 


- 










40 


250, 295, 346 


1 


5 


± 


1 


18 




CsGS 


0.5 


0.1 


H 2 O 


10 


250, 295, 346 


1, 4 


55 


± 


9 


189 


27-85 [34, 36, 38] 










16 


250, 295, 346 


1, 4 


39 


± 


4 


133 












26 


250, 295, 346 


1, 4 


32 


± 


3 


111 












40 


250, 295, 346 


1, 4 


28 


± 


2 


95 








0.1 


NaP 


10 


250, 295, 346 


1, 4 


84 


± 


25 


287 


27-85 [34, 36, 38] 










16 


250, 295, 346 


1, 4 


35 


± 


8 


119 












26 


250, 295, 346 


1, 4 


30 


± 


2 


101 












40 


250, 295, 346 


1, 4 


26 


± 


4 


88 




CyGS 


0.5 


0.1 


NaP 


10 


250, 295, 346 


1, 4 


169 


± 


14 


550 


- 










16 


250, 295, 346 


1, 4 


90 


± 


26 


294 












26 


250, 295, 346 


1, 4 


64 


± 


16 


210 












40 


250, 295, 346 


1, 4 


31 


± 


7 


102 




CioGS 


0.5 


0.1 


NaP 


16 


250, 295, 346 


1, 4 


58 


± 


28 


180 


- 










26 


250, 295, 346 


1, 4 


33 


± 


13 


103 












40 


250, 295, 346 


1, 4 


38 


± 


6 


119 




CgTGS 


1.0 


- 


H 2 O 


26 


230 


1 


67 






217 


- 


Zwitterionic detergents 
























Zwittergent 3-08 


1.0 


0.1 


NaP 


26 


250 


4 


13 


± 


3 


47 


- 










40 


250, 295, 346 


1, 4 


8 


± 


3 


29 




Zwittergent 3-10 


1.0 


0.1 


NaP 


26 


295, 346 


1, 4 


46 


± 


2 


149 


42 [17] 










40 


250, 295, 346 


1, 4 


35 


± 


2 


113 




Zwittergent 3-12 


1.0 


0.1 


NaP 


26 


295, 346 


1 


66 


± 


19 


195 


54 [17] 










40 


250, 295, 346 


1, 4 


37 


± 


8 


111 




Zwittergent 3-14 


1.0 


0.1 


NaP 


26 


295, 346 


1 


120 


± 


48 


330 


83 [36] 










40 


250, 295, 346 


1, 4 


65 


± 


14 


180 




Zwittergent 3-16 


0.2 


0.1 


NaP 


26 


250, 295, 346 


1, 4 


167 


± 


64 


426 


156 [17] 










40 


250, 295, 346 


1, 4 


76 


± 


13 


195 





“ The mentioned mean values for are obtained from averaging ’’ Aggregation number, calculated on the basis of the masses of the 
the results obtained at different AUC conditions (/, AF). In the detergent monomers given in Table 1 

case of nonlinear curves in log A vs. P' plots (cf Fig. 3), the given “^Cf annotation e in Table 1 

mean values are characterized by large standard deviations 
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Comparing the experimental results listed in Table 3 
with some values found in the relevant literature reveals 
that the masses found in this study include in most cases 
the values reported by other authors. The diversity of 
observed and reported molar masses and aggregation 
numbers may be due to heterogeneity of the samples. In 
this context, however, it has to be mentioned that 
different techniques yield different mass averages. A 
special advantage of AUC is the possibility to separate 
heterogenous particles, with the consequence that dif- 
ferent rotor speeds result in different mass estimates. 



Conclusions 

Irrespective of a variety of problems involved in the 
investigation of detergent micelles, their analysis in the 



analytical ultracentrifuge turns out to be successful, 
provided some precautions are taken into account. 
Particularly, the investigation under various experimen- 
tal conditions, especially at variable rotor speeds, is 
required. 

The results on a selected set of nonionic and 
zwitterionic detergents clearly unveil the heterogeneous 
nature of commercial preparations and the occurrence 
of micelle-micelle interactions. Obviously, the separation 
process in the centrifuge cell, which may be improved by 
applying varying centrifugal forces, allows the clear 
discrimination between particles of different size. The 
values reported in the literature are in fair agreement 
with our results. 
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Abstract Microemulsions of «-butyl 
acrylate (BA) were prepared with the 
following surfactant/cosurfactant 
systems: ethoxylated nonylphenol 
(EONP30)/l-pentanol, EONP30/ac- 
rylic acid, sodium dodecyl sulphate/ 
1-pentanol and cetyltrimethylam- 
monium bromide (CTAB)/l-penta- 
nol. Microemulsions of BA and 
methyl methacrylate (MMA) were 
also prepared using CTAB without 
cosurfactant. Polymerizations were 
carried out by both batch and semi 
continuous methods with the lipo- 
philic initiators 2,2'-azobis(isobuty- 
ronitrile) and benzoyl peroxide and 
with the hydrophilic initiator am- 
monium persulphate. Core/shell 
polymer particles were obtained 
using crosslinked BA particles as 



seeds for a second stage polymer- 
ization of MMA. Phase diagrams 
were investigated for BA micro- 
emulsions. Particle radii for micro- 
emulsions and products, determined 
by light scattering, sedimentation 
velocity and transmission electron 
microscopy, were in the range 8- 
50 nm. For BA microemulsions, an 
increase in particle size was observed 
on increasing the ratio of the num- 
ber of moles of monomer to the 
number of moles of surfactant and 
cosurfactant, as predicted by a sim- 
ple model. 

Key words Microemulsion poly- 
merization • Particle size • Light 
scattering • Sedimentation velocity • 
Electron microscopy 



Introduction 

Certain mixtures of oil, water and surfactants sponta- 
neously form transparent or translucent systems, which 
are often referred to as “microemulsions” or may be 
regarded as “swollen micelles” [1-3]. Many surfactants 
require the presence of a cosurfactant to achieve the 
ultralow interfacial tensions that are required for 
microemulsion formation. In recent years there has been 
considerable interest in carrying out polymerizations in 
microemulsions, in order to obtain polymer dispersions 
with small particle sizes (radius < 50 nm) and narrow 
particle size distributions [4-10]. 

The present contribution describes a systematic study 
of the microemulsion polymerization of «-butyl acrylate 
(BA). The use of three surfactants was investigated: 



1. The nonionic surfactant ethoxylated nonylphenol 
(EONP30), which has the formula C 9 Hi 9 C 6 H 40 (CH 2 - 
CH20)„H, where n has an average value of 4.5. 

2. The anionic surfactant sodium dodecyl sulphate 
(SDS), Ci2H250S03Na. 

3. The cationic surfactant cetyltrimethylammonium bro- 
mide (CTAB), Ci 6 H 33 (CH 3 ) 3 NBr. 

1-Pentanol was employed as a cosurfactant with each of 
these surfactants. In addition, EONP30 was investigated 
with acrylic acid as a cosurfactant, and CTAB was used 
without any cosurfactant. Three different free radical 
initiators were employed in these studies: 

1. The lipophilic initiator 2,2'-azobis(isobutyronitrile) 
(AIBN), (CH3)2C(CN)N=NC(CH3)2CN. 

2. The lipophilic initiator benzoyl peroxide (BPO), 
C6H4C(0)00C(0)C6H4. 
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3 . The hydrophilic initiator ammonium persulphate 

(APS), NH4O3SOOSO3NH4. 

Initially, phase diagrams for BA/surfactant/cosur- 
factant/water systems were investigated, in order to 
establish the composition range within which a stable 
microemulsion polymerization was feasible. Further 
studies were carried out with varying amounts of 
surfactant and cosurfactant at the maximum monomer 
concentration that could reliably be polymerized as a 
microemulsion. Microemulsion composition is expressed 
in this work in terms of Cw = Wmon/«^surf, where Wmon 
and Wsurf are the masses of monomer and surfactant, 
respectively, and Cn = «mon/(«surf + «cosurf), where 
«mon, «surf ^ud «cosurf ^re the uumbers of moles of 
monomer, surfactant and cosurfactant, respectively. 
Products were characterized by dynamic light scattering 
(DLS), static light scattering (SLS), sedimentation 
velocity (SV) and transmission electron microscopy 
(TEM). 

The microemulsion polymerization of methyl meth- 
acrylate (MMA) was also studied, with CTAB alone as 
the surfactant. In addition, the formation of core/shell 
poly(BA)/poly(MMA) (PBA/PMMA) dispersions was 
investigated. 



Experimental 

Materials 

Monomers, BA (Aldrich) and MMA (Aldrich), were distilled and 
stored in the dark until used. Surfactants, EONP30 (Kasei 
Chemicals, 99.5%), SDS (Aldrich, 98%) and CTAB (BDH, 
99%), were used as received. Cosurfactants, 1-pentanol (Aldrich, 
99%) and acrylic acid (Fluka, 99%) were distilled before use. 
Initiators, AIBN, BPO and APS, were used as received. The 
crosslinking agent, divinylbenzene (Aldrich, 99.5%), was used as 
received. Water was doubly distilled, boiled and bubbled with 
oxygen-free nitrogen. 

Determination of phase diagrams 

Experiments were conducted at 60 °C in a glass vessel which was 
fitted with a stirrer and purged with oxygen-free nitrogen before 
use. A microemulsion was characterized by the formation of a 
single transparent phase. Phase boundaries for unpolymerized BA 
microemulsions were determined by titration of various mixtures 
with water, surfactant or cosurfactant. Phase boundaries for 
polymerized systems were determined by polymerizing various 
formulations with AIBN as initiator. 

Batch polymerization 

Batch polymerizations were carried out in a five-neck glass vessel 
fitted with a stirrer, a thermometer, an inlet through which oxygen- 
free nitrogen could be passed and a solid C02/acetone cold finger. 
The vessel was suspended in a thermostatted oil bath. A typical 
polymerization is described below. 

BA monomer (9.5 cm^) and lipophilic initiator AIBN (0.1 g) 
were stirred (200-250 rpm) at 30 °C to form the oil phase. 



A solution of surfactant (e.g., EONP30, 15 g), cosurfactant (e.g., 
1-pentanol, 17 cm^) and degassed water (43 cm^) was prepared 
separately. The oil and aqueous phases were dispersed with high- 
speed stirring (2500 rpm) and then stirred (200-250 rpm) for 10 h 
at room temperature. With continuous slow stirring, the reaction 
mixture was heated to 60-70 °C and maintained at that temper- 
ature for 48 h. 

In every case, an aliquot of the polymerized microemulsion 
system was kept for characterization by DLS, SV and TEM, and 
stored under nitrogen. In some cases, polymer was isolated by 
dissolving the crude product in tetrahydrofuran (100 cm^) and 
reprecipitating in methanol (500 cm^). The resulting white powder 
was oven-dried for 48 h at 50 °C and the procedure repeated. 
Conversions of 80-85% were obtained, based on the mass of 
isolated polymer. 

The batch polymerization in microemulsion of BA was inves- 
tigated for the surfactant/cosurfactant systems EONP30/Tpenta- 
nol, EONP30/acrylic acid, SDS/l-pentanol and CTAB/l-pentanol 
for various microemulsion compositions (Cw = 0.806, Cn = 

0.493; Cw = 0.781, Cn = 0.437; Cw = 0.578, Cn = 0.408; 
Cw = 0.645, Cn = 0.394; Cw = 0.459, Cn = 0.340; Cw = 
0.559, Cn = 0.313) and with CTAB without cosurfactant at the 
same values of Cw- The batch polymerization of MMA in 
microemulsion with CTAB was investigated at compositions 
corresponding to Cw = 1-0, 0.67 and 0.5. Amounts of initiator 
were also varied (7 x lO^Aj x 10^^ mol) but no significant depen- 
dence of particle size on initiator concentration was observed in this 
range. 



Semicontinuous polymerization 

Semicontinuous polymerizations were carried out in apparatus 
similar to that previously described. A typical polymerization is 
described below. 

The components for the recipe were divided into four parts: 

1. A bulk phase consisting of water (about two-thirds total water), 
monomer (about one- third total monomer) and emulsifier 
mixture (about two-thirds total emulsifier). 

2. Remaining monomer. 

3. Emulsifier feed comprising the remaining surfactant and cosur- 
factant in water. 

4. Initiator in aqueous solution. 

The reaction vessel was purged with nitrogen, the bulk phase 
added and the temperature raised to 60 °C. The reaction was 
started by allowing 0.1 cm^ initiator solution into the stirred vessel. 
The monomer, emulsifier and initiator feeds were added dropwise 
with addition rates of 0.1 cm^ min^' for monomer and emulsifier, 
and 0.01 cm^ min^' for initiator. After all reagents had been added, 
stirring was continued for 24 h at 65 °C. 

Semicontinuous polymerizations in microemulsion of BA were 
carried out for the surfactant/cosurfactant systems EONP30/T 
pentanol, EONP30/acrylic acid, SDS/l-pentanol and CTAB/l- 
pentanol at the same overall microemulsion compositions as used 
in the batch polymerizations. 

Core/shell polymerization 

Core/shell polymers were prepared by a two-stage process. A 
modified version of the batch polymerization procedure gave a 
crosslinked PBA microemulsion seed, which was used subsequently 
for polymerization of MMA. Initial experiments established levels 
of emulsifier mixture sufficiently low that a second crop of PMMA 
particles was not obtained, as observed by TEM. 

For preparation of the seed, divinylbenzene crosslinker (5 wt% 
relative to BA) was included in the formulation. Seeds were 
prepared with an EONP30/Tpentanol microemulsion (composi- 
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tion: 2.00 g EONP30, 7.00 g 1-pentanol, 4.25 g BA, 0.21 g 
divinylbenzene, 0.50 g initiator, 27.65 g water) and an EONP30/ 
acrylic acid microemulsion (composition: 1.50 g EONP30, 4.25 g 
acrylic acid, 3.13 g BA, 0.16 g divinylbenzene, 0.11 g initiator, 
20.95 g water). Polymerizations were carried out both with AIBN 
and with BPO as initiator. Water, initiator and emulsifier were 
placed in the reaction vessel, which was purged with dry nitrogen. 
About a quarter of the monomer mixture (BA/divinylbenzene) was 
added, the temperature raised to 60 °C and the remaining 
monomer mixture then added dropwise. After all the monomer 
had been added, the temperature was maintained at 60 °C for a 
further 17 h and then allowed to cool. The seed was stored under 
nitrogen for no more than 24 h before the second-stage polymer- 
ization was commenced. 

For the second-stage polymerization, the seed was placed in the 
reaction vessel along with initiator and water, such that the final 
solids content would be about 10%. For the EONP30/ 1-pentanol 
seed, the composition for the second-stage polymerization was 
20.40 cm^ seed, 2.13 g MMA, 0.20 g initiator and 20.00 g water. 
For the EONP30/acrylic acid seed, the composition for the second- 
stage polymerization was 14.90 cm^ seed, 1.57 g MMA, 0.11 g 
initiator and 14.95 g water. In both cases, the weight ratio 
BA:MMA was 1:1. In a reaction similar to the preparation of the 
seed, the vessel was heated to 60 °C and MMA was added 
dropwise, with an addition rate of 0.1 cm^ min“‘. 



Light scattering 



DLS and SLS experiments were carried out using an Otsuka DLS- 
700 light scattering photometer equipped with a 5 mW He-Ne laser 
(wavelength 632.8 nm) and a digital correlator. Microemulsions for 
analysis were diluted with filtered (Millipore 0.22 ^m) water and 
the diluted samples were also filtered. 

For DLS, initial experiments demonstrated little dependence of 
apparent hydrodynamic radius on concentration in the range 0.5- 
5 X 10^^ g cm“^, and further experiments were undertaken at a 
concentration of 1 x 10“* g cm“^. Measurements were made at an 
angle of 90°. Data were analysed by the method of cumulants to 
obtain a diffusion coefficient, D, and the hydrodynamic radius, rh, 
was evaluated using the Stokes-Einstein relationship 



kr 

6nrjD 



( 1 ) 



where k is the Boltzmann constant, T is the absolute temperature 
and r\ is the viscosity of the medium. This procedure gives a z- 
average D and consequently a reciprocal z-average reciprocal i\. 
The estimated uncertainty in rn from DLS is ± 10%. 

For SLS, measurements were made as a function of angle and 
concentration. Data were analysed by means of a Zimm plot to 
determine the weight-average molar mass, Mw, and the z-average 
root-mean-square radius of gyration, {rg)J . Estimated uncertain- 
ties in the results are ± 10%. Refractive index increments (dn/dc) 
were determined using an Abbe 60 refractometer and are given in 
Table 1. 



Analytical ultracentrifugation 

SV experiments were carried out using a Beckman Model E 
analytical ultracentrifuge equipped with Schlieren optics and 
operating at a rotor speed of 40 000 rpm. Microemulsion latices 
were diluted to a volume fraction, (j>, of 0.01, transferred to a cell 
with a single-sector aluminium centrepiece, and centrifuged for 
several hours. The sedimentation coefficient, s, was evaluated from 
the rate of movement of the peak in the Schlieren image. Values of 
the hydrodynamic radius, r^^, were obtained using [1] 



Table 1 Refractive index increments at 25 °C for latices of poly 
(butyl acrylate) (PBA) and poly (methyl methacrylate) (PMMA) 
with surfactants ethoxylated nonylphenol (EONP30), sodium 
dodecyl sulphate (SDS) and cetyltrimethylammonium bromide 
(CTAB) 



Polymer 


Surfactant 


Cosurfactant 


dnjdc 
(cm^ g-') 


PBA 


EONP30 


1-Pentanol 


0.128 


PBA 


EONP30 


Acrylic acid 


0.124 


PBA 


SDS 


1-Pentanol 


0.130 


PBA 


CTAB 


1-Pentanol 


0.128 


PBA 


CTAB 


- 


0.129 


PMMA 


CTAB 


- 


0.125 



rh 



9t]s 

,2(Pd “ Pm) 



x/W 



ll/2 



( 2 ) 



where (po - pm) is the difference in density between the dispersed 
phase and the medium (estimated as 1.7 x lO^"* g cm“^) and /((()) 
was calculated using the Batchelor equation [11] 



/{<!>) 



1 

1 - 6.55<l> 



(3) 



The validity of this relationship is questionable for very precise 
work [12], but it is adequate for the present purposes. This 
procedure is expected to give an average rh smaller than that 
obtained from DLS. The estimated uncertainty in rh from SV 
is ±15%. 



Transmission electron microscopy 

TEM was carried out using a JEOL lOOCX electron microscope 
operating at 80 kV. Microemulsion latices were examined using a 
cryoscopic technique for uncrosslinked samples and a conventional 
technique for crosslinked samples. Samples were mounted on a 
carbon substrate supported by a copper grid. In some cases, 
samples were carbon-shadowed using a Nanotech M250 coating 
unit. Reciprocal z-average reciprocal radius values, r, were 
evaluated, for comparison with DLS results. The estimated 
uncertainty in r from TEM is ± 10%. 



Results and discussion 

Phase diagrams 

Polymerization of BA microemulsions at monomer 
concentrations greater than about 10% w/w gave rise to 
turbidity or phase separation. Ternary (surfactant/cosur- 
factant/water) phase diagrams are shown in Fig. 1 for the 
maximum BA concentrations that could be polymerized 
without incurring instability (10.4% w/w with EONP30/ 
1-pentanol, 10.5% w/w with EONP30/acrylic acid, 9.9% 
w/w with SDS/ 1-pentanol and 9.3% w/w with CTAB/1- 
pentanol). The phase diagrams indicate the composition 
range (% w/w) within which a microemulsion polymer- 
ization can be achieved for these systems. The different 
emulsiher systems show broadly similar behaviour. 
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(C)l-Pentanol 20 40 60 80 HgO 

Fig. 1 Ternary phase diagrams for a 10.4% w/w butyl acrylate (BA) 
with ethoxylated nonylphenol (EONP30), 1-pentanol and water, 
b 10.5% w/w BA with EONP30, acrylic acid and water, c 9.9% w/w 
BA with sodium dodecyl sulphate (SDS), 1-pentanol and water and 
d 9.3% w/w BA with cetyltrimethylammonium bromide (CTAE), 
1-pentanol and water. Dotted lines refer to initial microemulsions and 
solid lines to polymerized systems 

except that with CTAB (Fig. Id) microemulsions can be 
achieved without cosurfactant over a relatively wide 
composition range. CTAB was used both with and 
without cosurfactant in the present work. 

Microemulsion polymerization of BA 

The dependence of r^, determined by DLS, on the 
composition parameter Cm for EONP30/l-pentanol 
microemulsions prior to polymerization by batch and 
semicontinuous method is shown in Fig. 2a. A marked 
increase in ru was observed on increasing the total 
amount of monomer relative to surfactant and cosur- 
factant. Results for products obtained from polymer- 
izations initiated by AIBN, BPO and APS are shown in 
Fig. 2b-d. The different initiators gave broadly similar 




(d) 1 -Pentanol 20 40 60 80 HgO 

results, with arguably slightly larger particle sizes for 
products initiated with the water-soluble initiator APS. 
Batch polymerizations gave similar results to semicon- 
tinuous polymerizations. Radii determined by SV and 
TEM are seen to agree reasonably with those from DLS. 

Particle radii determined for EONP30/acrylic acid 
microemulsions are shown in Pig. 3a, and for the 
products of polymerization with AIBN in Pig. 3b. Other 
initiators gave very similar results. Use of acrylic acid as 
a cosurfactant is seen to give results similar, in terms of 
particle radii, to those obtained with 1-pentanol (Pig. 2), 
even though there is likely to be a high proportion of the 
acrylic acid in the aqueous phase. Acrylic acid is itself 
polymerizable and may become incorporated into the 
polymer particles or appear as poly(acrylic acid) in the 
aqueous medium. A series of experiments was under- 
taken to investigate the extent of acrylic acid polymer- 
ization, with Cw = 0.46 and Cn values in the range 
0.16-0.34. The percentage conversion of acrylic acid to 
polymer was estimated from infrared spectroscopy data 
as 40% at Cn = 0.16, increasing to 55% at Cn = 0.34. 
Particle size distributions from DLS for products gave a 
small peak below 4 nm, which was attributed to free 
poly(acrylic acid) chains. The proportion of the initial 
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Fig. 2a-d BA/EONP30/l-pentanol microemulsions: dependence on 
composition of particle radius determined by dynamic light scattering 
(DLS) (O, •), sedimentation velocity (SV) (□, ■) and transmission 
electron microscopy (TEM) (A, A), a Unpolymerized, b polymerized 
with 2,2'-azobis(isobutyronitrile) (AIBN) initiator, c polymerized with 
benzoyl peroxide initiator and d polymerized with ammonium 
persulphate initiator. Polymerizations were carried out by both batch 
(O, □, A) and semicontinuous (•, ■, ▲) methods 
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acrylic acid existing as free chains in the microemulsion 
products was estimated to range between 14% at 
Cn = 0.16 and 3% at Cn = 0.34. 

Particle radii determined for the SDS/l-pentanol 
microemulsions are shown in Fig. 3c and for products 
polymerized with AIBN in Fig. 3d. An increase in 
particle radius with increasing Cn may be seen for the 
initial microemulsion and the polymerized products, 
although the dependence is not as pronounced as was 
observed with the nonionic surfactant EONP30. For the 
CTAB/l-pentanol system (Fig. 3e, f) and for CTAB 
without cosurfactant (Fig. 4) there is only a slight 
dependence of particle radius on composition over the 
range studied. With all these systems there was little 
effect of the type of initiator on the particle sizes of the 
products. 

Table 2 gives values of sedimentation coefficient, s, 
and hydrodynamic radius, fh, from SV, particle radius, 
r, from TEM, hydrodynamic radius, r^, from DLS, 
z-average radius of gyration, and weight-average 

molar mass, Mw, from SLS, for BA microemulsion 
latices prepared with various surfactant/cosurfactant 
systems at Cw = 0.645, Cn = 0.394. Reasonable agree- 
ment can be seen between the various methods of 
particle size analysis. TEM indicated that particle size 
distributions were narrow. 

Antonietti et al. [4] explained the dependence of 
particle size on composition for styrene microemulsions 



Fig. 3 Dependence on composition of particle radius determined by 
DLS (O, •), SV (□, ■) and TEM (A, A) for a BA/EONP30/acrylic 
acid microemulsions, b BA/EONP30/acrylic acid microemulsions 
polymerized with AIBN initiator, c BA/SDS/l-pentanol microemul- 
sions, d BA/SDS/l-pentanol microemulsions polymerized with AIBN 
initiator, e BA/CTAB/l-pentanol microemulsions and f BA/CTAB/1- 
pentanol microemulsions polymerized with AIBN initiator. Polymer- 
izations were carried out by both batch (O, □, A) and semicontinuous 
(#, ■, A) methods 





Fig. 4 Dependence on composition of particle radius determined by 
DLS (O), SV (□) and TEM (A) for BA/CTAB microemulsions: 
a unpolymerized and b polymerized by a batch method with AIBN 
initiator 



stabilized by a single surfactant, without cosurfactant, in 
terms of a simple model of a monomer core surrounded 
by a surfactant shell. They found 
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Table 2 Particle characteristics for butyl acrylate latices prepared phate (APS), obtained by sedimentation velocity (SV), 

at Cw = 0.645, Cm = 0.394 with initiators 2,2'-azobis(isobutyr- transmission electron microscopy (TEM), dynamic light scattering 

onitrile) (AIBN), benzoyl peroxide (BPO) and ammonium persul- (DLS) and static light scattering (SLS) 



Surfactant 


Cosurfactant 


Initiator 


Method 


SV 

X 

(10"'^ s) 


SV 

rh 

(nm) 


TEM 

r 

(nm) 


DLS 

rh 

(nm) 


SLS 

A 


SLS 

(g mol ') 


EONP30 


1-Pentanol 


AIBN 


Batch 


0.18 


21 


21 


25 


23 


115 000 


EONP30 


1 -Pentanol 


AIBN 


Semicontinuous 


0.15 


20 


20 


24 


22 


110000 


EONP30 


1-Pentanol 


BPO 


Batch 


0.17 


21 


22 


26 


24 


121000 


EONP30 


1 -Pentanol 


BPO 


Semicontinuous 


0.14 


19 


19 


24 


21 


116000 


EONP30 


1-Pentanol 


APS 


Batch 


0.20 


23 


24 


26 


25 


157000 


EONP30 


1-Pentanol 


APS 


Semicontinuous 


0.27 


26 


28 


30 


28 


146000 


EONP30 


Acrylic acid 


AIBN 


Batch 


0.19 


22 


16 


21 


19 


105000 


EONP30 


Acrylic acid 


AIBN 


Semicontinuous 


0.18 


21 


15 


18 


17 


99000 


EONP30 


Acrylic acid 


BPO 


Batch 


0.22 


24 


18 


23 


22 


111000 


EONP30 


Acrylic acid 


BPO 


Semicontinuous 


0.18 


21 


17 


20 


19 


104000 


EONP30 


Acrylic acid 


APS 


Batch 


0.20 


23 


24 


28 


28 


140 000 


EONP30 


Acrylic acid 


APS 


Semicontinuous 


0.19 


22 


20 


24 


23 


131000 


SDS 


1-Pentanol 


AIBN 


Batch 


0.49 


35 


37 


44 


37 


116000 


SDS 


1-Pentanol 


AIBN 


Semicontinuous 


0.40 


32 


36 


42 


36 


125 000 


SDS 


1-Pentanol 


BPO 


Batch 


0.39 


31 


34 


38 


33 


123 000 


SDS 


1-Pentanol 


BPO 


Semicontinuous 


0.34 


29 


34 


42 


35 


132 000 


SDS 


1-Pentanol 


APS 


Batch 


1.12 


53 


45 


50 


43 


155 000 


SDS 


1-Pentanol 


APS 


Semicontinuous 


0.36 


30 


37 


41 


36 


163 000 


CTAB 


1-Pentanol 


AIBN 


Batch 


0.35 


30 


34 


40 


32 


101000 


CTAB 


1-Pentanol 


AIBN 


Semicontinuous 


0.44 


33 


33 


40 


32 


101000 


CTAB 


1-Pentanol 


BPO 


Batch 


0.39 


31 


34 


41 


32 


105 000 


CTAB 


1-Pentanol 


BPO 


Semicontinuous 


0.35 


30 


34 


40 


32 


107 000 


CTAB 


1-Pentanol 


APS 


Batch 


0.46 


34 


38 


42 


34 


132000 


CTAB 


1-Pentanol 


APS 


Semicontinuous 


0.46 


34 


38 


41 


34 


135 000 



b 

1 - {i + sy^^^ 



(4) 



where r is the radius of the particle, b is the shell 
thickness and S = »tsurf/"2mon = l/^w- Wu [5] suggest- 
ed that the surfactant should partly penetrate the core, 
so the shell thickness b is less than the length of the 
surfactant molecule. He obtained the relationship 



Cw 



= a 



( Np^p \ 

\3Msurf/ 



r + constant , 



(5) 



where a is the average surface area per surfactant 
molecule, A^a is the Avogadro number, p is the particle 
density, is the molar mass of the surfactant and the 
constant includes the shell thickness b. 

Here we develop a simple model to take account of 
the presence of cosurfactant. Assuming that all the 
monomer is contained within microemulsion particles, 
the volume of a particle core is 



— nr 

^ core 



^mon-iffmon 

i^pPcore 



( 6 ) 



Ap is the number of particles. The surface area of the 
core is 

, 2 nsurf^surf/surf “f Ucosurf^cosurfycosurf 

47tAore = 77 . (7) 

^Vp 

where Ugurf and Ucosurf represent the average cross- 
sectional areas of the surfactant and cosurfactant, 
respectively, at the core surface, «surf and «cosurf are the 
numbers of moles of surfactant and cosurfactant, 
respectively, and and /cosurf are the fractions of 
total surfactant and cosurfactant, respectively, that are 
contained within microemulsion particles. Combination 
of Eqs. (6) and (7) gives 



^ 3vf/nion nnion 

Pcore (^surf^ surpy' iurf A Ucosurf^cosurfycosurf) 

The overall particle radius, r, exceeds Pcore by the shell 
thickness b. If it is assumed that all the surfactant and 
cosurfactant are contained within microemulsion parti- 
cles (ysurf = /cosurf = 1), and that the average area per 
molecule is similar for surfactant and cosurfactant 

(^surf ^cosurf ^)- 



where r^ore and p^ore are the radius and density, 
respectively, of the core, n„ion and Mmon are the number 
of moles and molar mass, respectively, of monomer, and 



r = rcore + h = 



3T/nion Pmon , , 

^ + b , 

Pcore^ ^surf i ^cosurf 



(9) 
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which suggests that in the simpiest case r depends 
iineariy on Cm. The data in Figs. 2 and 3 agree 
approximateiy with this iinear dependence. A fuiier 
anaiysis of the resuits wouid require additionai infor- 
mation about partitioning of the monomer, surfactant 
and cosurfactant between the aqueous phase and 
microemuision particies. 

The microemuision poiymerizations studied here are 
ideai in the sense that the sizes of the finai products 
cioseiy reflect those of the initial microemulsions. It is 
tempting to think of each droplet essentially as a minute 
reactor. Flowever, exchange of monomer, surfactant and 
cosurfactant via the aqueous phase is possible. In some 
other microemuision systems, growth has been observed 
on polymerization. For example, Kuo et al. [9] reported 
growth during the photoinitiated polymerization in 
microemuision of styrene with dibenzylketone initiator. 
Ming et al. [10] observed an increase in particle size in 
microemuision polymerizations of styrene and butyl 
methacrylate, but found a constant size throughout 
polymerization for MMA, methyl acrylate and BA. 



Microemuision polymerization of MMA 



[4]. MMA is a significantly more hydrophilic monomer 
than BA and polymerization within the aqueous medi- 
um is a possibility in this case. 



Core/shell latices of BA and MMA 

Particle radii for crosslinked PBA seeds and PBA/ 
PMMA core/shell latices, determined by DLS and 
TEM, are given in Table 3. An increase in particle 
radius on second-stage polymerization was observed, 
indicating that composite particles were produced. Core/ 
shell volume ratios, which should approximately equal 
the weight ratio of monomers used (1:1), are indicated in 
Table 3. For the EONP30/acrylic acid system initiated 
by BPO the core/shell volume ratio is rather high, 
possibly because of incorporation of polyacrylic acid 
into the core (see earlier). 

Eor these latices, the particle size distributions were 
narrow, with ratios of weight-average to number- 
average radius less than 1.03, as determined by TEM. 
Since MMA is relatively hydrophilic, and the PBA seed 
was crosslinked, the particles are expected to comprise a 
core of crosslinked PBA and a shell of PMMA. 



Particle radii for MMA microemulsions, stabilized by 
CTAB without cosurfactant, and for products polymer- 
ized with AIBN are shown in Fig. 5. Other initiators 
gave similar results. Small particle sizes (r^ in the range 
1 5-20 nm) were obtained regardless of composition over 
the range studied. Similar results have been obtained 
previously for microemuision polymerizations of MMA 





^mo r/^surf 



Fig. 5 Dependence on composition of particle radius determined by 
DLS (O) and SV (□) for methyl methacrylate/CTAB microemulsions: 
a unpolymerized and b polymerized by a batch method with AIBN 
initiator 



Conclusions 

Phase diagrams were determined for BA with EONP30/ 
1-pentanol, EONP30/acrylic acid, SDS/l-pentanol and 
CTAB/l-pentanol. Microemulsions of BA had hydrody- 
namic radii in the range 8-50 nm, the size increasing with 
the increase in the amount of monomer relative to the 
total amount of surfactant and cosurfactant. The mag- 
nitude of the dependence of hydrodynamic size on 
composition varied according to the surfactant used, 
dimishing in the sequence EONP30 > SDS > CTAB. 
Microemulsions of MMA with CTAB had hydrodynam- 
ic radii in the range 1 5-20 nm, the size being essentially 
independent of composition over the range studied. 

Polymerization in microemuision, for the systems 
studied, gave products with particle sizes comparable to 
the initial microemulsions. No dependence of particle 
size on initiator concentration was observed and the type 
of initiator had little effect. Similar results were obtained 
from both batch and semicontinuous polymerizations. 



Table 3 Particle characteristics 
of PBA seeds and PBA/PMMA 
core/shell latices prepared with 
EONP30 surfactant 



Cosurfactant 


Initiator 


Seed 




Core/shell product 


Core/shell 
volume ratio 


TEM 
r (nm) 


DLS 
fh (nm) 


TEM 
r (nm) 


DLS 
fh (nm) 


1-Pentanol 


AIBN 


24 


25 


33 


35 


0.6:1 


1-Pentanol 


BPO 


25 


26 


34 


35 


0.7:1 


Acrylic acid 


AIBN 


19 


20 


25 


26 


0.8:1 


Acrylic acid 


BPO 


22 


23 


25 


26 


2.2:1 
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Composite core/shell particles with narrow particle size 
distributions were obtained by preparation of a cross- 
linked PBA seed followed by a second-stage polymer- 
ization of MMA. 



Reasonable agreement was achieved between differ- 
ent methods of characterization: light scattering, ana- 
lytical ultracentrifugation and electron microscopy. 
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Abstract The hydrodynamic char- 
acteristics of six generations of 
Iactosyiated poiyamidoamine de- 
ndrimers (LacPAMAM) in 0.165% 
NaCl have been investigated and 
their molecular characteristics de- 
termined. Experimental values var- 
ied over the following ranges: 
sedimentation velocity coefficient 
0.65 < .s < 6.2, translational diffu- 
sion coefficient (xlO^ cm^ s“') 

19.1 > D > 4.9, which corresponds 
to a change in molecular weight 
(xlO^) in the range 2.5 < 

AfsD < 93 and which is in good 
agreements with LacPAMAM 
chemical structures. The intrinsic 
viscosity of LacPAMAMs practi- 
cally did not change and the average 
value was (4.25 ± 0.45) cm^/g. The 
following scaling relationships for 
hydrodynamic values were thus es- 
tablished: 



.s = 4.84 X , 

3.56 X , 

[fy] = 2.59 X . 

The hydrodynamic invariant is 
Aq = (2.61 ± 0.07)10“'”. In the 
case of the dendrimers the value of 
the intrinsic viscosity became insen- 
sitive to molecular weight changes. 
In contrast, the sedimentation 
velocity coefficient became more 
sensitive to M in comparison to that 
of linear molecules. The hydrody- 
namic values of LacPAMAM mole- 
cules were compared to the values 
obtained for Iactosyiated dendrimers 
based on a poly(propylene imine) 
core. 

Key words Carbohydrate den- 
drimers • Hydrodynamic properties • 
Poiyamidoamine dendrimers 



Introduction 

In light of the potential biomedical applications of 
carbohydrate-containing macromolecules and glycoden- 
drimers in particular [1-3], the biophysical characteriza- 
tion of these novel biopolymers has become a research 
area of considerable interest. The motivation toward the 
study of glycodendrimers has emerged out of the 
necessity to better understand the roles played by 
carbohydrates in living systems at the molecular level. 
Glycodendrimers have recently broadened the range of 
hydrophilic biopolymers that might serve in the prepa- 
ration of synthetic vaccines and in the modification of 
polymers that can be used as carriers of biologically 
active groups [4, 5]. 



The peculiar appeal manifested toward the modifica- 
tion of regularly branched molecules - dendrimers - is 
based on the presumption that they may be more effective 
carriers for biologically active groups in comparison to 
linear polymers. Dendrimers are also promising mole- 
cules that may find wide applications in electronic devices, 
catalysis, etc., [6-8] depending on their specific structures. 
This is mainly because of the large number of reactive end 
groups that are assumed to be equally accessible. 

Moreover, owing to their exceptional structures, 
dendrimers are interesting objects for molecular inves- 
tigation. It may be expected that the establishment of 
quantitative correlation (regular branched structural 
properties) will lead to a better understanding of 
irregularly branched molecules. 
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The difficulties arising in dendrimer studies are 
directly related to fundamental problems already exist- 
ing in research on branched macromolecules in polymer 
science. The first theoretical considerations of regularly 
branched macromolecules were by Flory [9], Kuhn and 
Kuhn [10], and Tsvetkov [11]. These studies were 
triggered to some extent by other investigations on 
naturally occurring branched polymers, such as glyco- 
gen, starch, and lignin, which principally exhibit short- 
chain branches and are randomly branched [12]. 

Some interest in dendrimer studies may also be due to 
their intrinsic artistic beauty and charm representing 
ideal molecular models. This might also explain a few 
of the poetic terms introduced to describe dendrimers: 
arborols [8], starburst molecules [13], little prince 
baobabs [14], sugar ball [15] or a less poetical name - 
cauliflower [16]. 

At present, many papers are available on the 
synthesis of dendrimers, their chemical modifications, 
and their computer simulation [17, 18]. Dendrimers 
based on polyamidoamine (PAM AM) [19] and 
poly(propylene imine) (DAB) [20] are the structures 
investigated in greatest detail, presumably because they 
are now commercially available. However, it should be 
noted that there are a few physicochemical studies in 
which molecular weights and other molecular charac- 
teristics of these molecules have been determined using 
absolute methods. Furthermore, some fundamental 
problems, in particular the distribution of surface 
groups on dendrimers and their type of homology, are 
not yet fully understood. 

In fact, the concept behind the construction, modi- 
fication, and use of these molecules is based on the 
following assumptions; first, it is generally taken as 
granted that reactive groups have equal accessibility in 
all stages of growth and modification and, second, the 
density of the dendritic core is usually lower than that of 
the periphery, i.e. the molecule is relatively hollow. 
These concepts were confirmed by the first analytical 
calculations [16]. 

However, subsequent computer simulations [14, 21, 
22], calculations using molecular dynamic methods [23, 
24], and calculations based on the equilibrium self- 
consistent field [25] led to opposite conclusions; namely, 
a dendrimer’s density is a maximum in the center and 
decreases toward the periphery, and surface groups on 
dendrimers are distributed throughout the entire 
volume of the molecule and are not located in the 
external layer. 

It should be noted that all theoretical calculations 
have been carried out on uncharged homodendrimers 
with flexible and relatively long spacers between consec- 
utive branching points. Moreover, it is assumed that 
thermodynamic chain rigidity does not change on 
passing to homodendrimers of higher generations. It is 
also clear that the situation becomes more complicated 



when the chemical nature of the surface groups is 
different from that of the core. 

Experimental work in which the size and molecular 
weight of dendrimers have been systematically studied is 
not very numerous [26-30]. Data on the investigation of 
hybrid dendrimers are virtually absent. In the present 
work, we wish to describe the hydrodynamic study of 
hybrid carbohydrate-based dendrimers made of lacto- 
side residues covalently attached to the surface group 
of PAMAM dendrimers using combined methods of 
molecular hydrodynamics [31-33]. These studies include 
simultaneous investigations of sedimentation velocity, 
translational diffusion, and viscous flow of dilute solu- 
tions. Hence, it is possible to study quantitatively 
molecules and molecular systems with different structures 
and molecular weight over almost the entire molecular 
weight range. It must also be emphasized that hydrody- 
namic characteristics are obtained in independent exper- 
iments and certain correlations between them should be 
obeyed on the basis of fundamental relationships. This 
serves as an additional check of the results. 



Experimental 

Samples and solvents 

Lactosylated dendrimers are a new type of neoglycoconjugates of 
considerable interest in the study of multivalent carbohydrate- 
protein interactions [1, 34]. Using commercially available starburst 
PAMAM dendrimers containing amine residues for surface 
functionality, it was possible to readily synthesize a wide range of 
sugar-based “glycodendrimers” using unprotected p-isothiocyan- 
atophenyl glycosides in aqueous media.The synthesis of lactosyla- 
ted starburst PAMAM (LacPAMAM) dendrimers up to generation 
5 with an unprotected lactoside derivative [35] followed the strategy 
described for mannosylated and sialylated dendrimers [36, 37]. 
Treatment of amine 2 with excess thiophosgene in 80% aqueous 
ethanol according to ref. [38] resulted in its conversion to 
isothiocyanate 3 with 69% yield after crystallization from water. 
Its treatment with ethylenediamine or dendritic PAMAM provided 
access to the dimer and G0-G5 glycodendrimers in yields of more 
than 80%. The dimer was purified by size-exclusion chromatogra- 
phy on a Biogel P2 column after lyophilization of the reaction 
mixture, while the glycodendrimers were purified by removal of 
residual reactants by dialysis against water. The products gave 
consistent high-field IH NMR and 13C NMR as well as MALDI 
(Matrix-Assisted Laser Desorption Ionization) time-of-flight spec- 
tra [35]. 

Thus, LacPAMAM dendrimers up to generation 5 possessing 
symmetrical structures were prepared (Fig. 1). 

Hydrodynamic investigations were carried out in 0.165% NaCl 
with the following characteristics at 25 °C: density po = 0.9982 g/ 
cm^, viscosity rjo = 0.893 cP. The solvent with this composition has 
been previously used in the investigation of lactose dendrimers 
based on DAB [29, 30]. 

Methods 

Sedimentation velocity 

Sedimentation velocity was investigated on an analytical 
MOM 3180 ultracentrifuge (Budapest) in cells with artificial 
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Fig. 1 Structural formulae of 
thiolactosyl modified polyamido- 
amine dendrimers (lactosylated 
dendrimers, LacPAMAM) for 
generations 0, 1,2, and 3 




GO PAMAM-[Lac] ^ 




G1 PAMAM-(Lac] 




boundary formation of solution at a concentration of 
0.4 < c X 10^ g/cm^ < 1 with solvent. At this concentration 
dendrimer solutions have limiting dilution (£'[17] < 0.04), and 
sedimentation coefficients, calculated from the displacement of 
the sedimentation boundary X (s = AlnA/tu^At; Fig. 2) can be 
considered to be independent of concentration. 

Translational diffusion 

Translational diffusion was studied on a polarizing diffusometer 
[32, 39] in a glass cell. The diffusion boundary was formed by 
introducing the solution at a concentration of 0.14 < c x 10^ g/ 
cm^ < 0.22 under the solvent (c[ri] < 0.02). The diffusion boun- 
dary dispersion, cr^, was calculated from the area and the maximum 
ordinate of the interference curves according to the equation [32] 

H = (Q/a) X cl)(a/2^/V) , 

where H is the maximum ordinate, Q is the area under the 
interference curve, a is the twinning value of Iceland spars, a is 
the standard deviation, and (^(ajl^^^rj) is a probability integral. The 
diffusion coefficients, D, were calculated from the time dependence 
of the diffusion boundary dispersion (Fig. 3) 

= (Tg + 2Dt 



where is the zero dispersion characterizing the quality of the 
boundary formation, and / is the diffusion time. 

The refractive index increment An/ Ac (Table 1) was determined 
from the area spanned by the interference curve, and its average 
value (An/ Ac) was (0.148 ± 0.004) cm^/g at 2 = 550 nm. The 
optical system used for recording the solution-solvent boundary in 
the both diffusion and sedimentation experiments was a Lebedev 
polarizing interferometer [32, 39]. Experiments were carried out 
at 26 °C, and diffusion coefficients were corrected to 25 °C 
according to a standard procedure [31, 32]. The values of the 
diffusion coefficient obtained at these conditions were assumed to 
be values extrapolated to zero concentration. Table 1 gives 
sedimentation and translational diffusion coefficients and their 
mean-square errors calculated using a linear correlation coefficient, 
r, [40]. 

Intrinsic viscosity and buoyancy factor 

Intrinsic viscosities, [17], were determined from a Huggin’s plot [41] 
(Fig. 4). Relative viscosities, t]„ were determined from the ratio 
of the flow time of the solution, t, to that of the solvent. To, 
(t() = 77.9 s) in the range 1.15 < < 1.45. The flow time was 

measured in an Oswald viscometer. 

The specific partial volume, u, was calculated from the buoyancy 
factor, (1 - upo), 
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Fig. 2 Dependences of Ain x on sedimentation time At, where x is the 
position of the sedimentation peak maximum for solutions of 
LacPAMAM dendrimers 0-5 dispersed in 0.165% NaCl solutions. 
Rotor speed: 40 000 rpm. For clarity, each curve is displaced along 
the At axis by 10 min relative to the previous curve 

( 1 — vpg) = Ap/ Ac = Amjmw , 

where ApjAc is the density increment, and Am = m — mg, where m 
and mg are the masses of the same volume of solution and solvent, 
respectively, w is the weight concentration of the solution, and its 
value was determined by pycnometry from solution measurements 
in pure water. Table 1 lists individual values of u. As follows from 
Fig. 5, all pycnometric measurements for all dendrimer generations 
fall on a single curve; therefore, for further interpretation the 
average value was used: (1 — upg) = 0.336 it 0.011. 

Conductivity 

The conductivity of dendrimer solutions in pure water without 
salt was studied with a Tacussel type CD78 conductimeter. The 
measurements were performed with a CM02/55/G platinum 
platined cell at a frequency of 250 ffz in concentration range 
1 < c X 10^ g/cm^ < 40 at 25 °C. The conductivity exceeding that 
of water has a linear concentration dependence (Fig. 6), which 
makes it possible to evaluate the summary mobility of the 
dendrimers. The data obtained confirm the conclusion that 
lactosylated dendrimers containing tertiary amine groups inside 
the core of native dendrimers bear a positive charge under the 
above-mentioned conditions. The conductivity molar coefficient 
(or summary mobility) increases with generation number and is 
a maximum for generations 4 and 5. This fact implies that the 
molecules of higher generations were more charged than those of 
lower generations. To suppress electrostatic interaction between 
dendrimers, a low-molecular-weight salt, NaCl, was introduced 
into the solution. 




Fig. 3 Time dependence of dispersion {rP', second central moment) 
of the X spectrum of macromolecules in the region of diffusion 
boundaries in 0.165% NaCl solutions of LacPAMAM dendrimers. 
Each curve is displaced along the IrP axis by 3 mm^ relative to the 
previous curve 



Discussion and results 

Molecular weight and scaling relationship 

Hydrodynamic investigations of dendrimer solutions 
with suppressed electrostatic interactions make it possi- 
ble to determine the molecular weights and the dimen- 
sions of the molecules. Molecular weights, M, were 
calculated according to Svedberg’s equation [42] from 
experimental values of s, D, and the average value of the 
specific partial volume, u = (0.66 ± 0.012) cm^/g: 



Table 1 Hydrodynamic char- 
acteristics of lactosylated poly- 
amidoamine (PAMAM) 
dendrimers 



N 


cm^g 


5 

Sv 


A.V 

Sv 


rs 


D 

cm^/s 


AD 

cm^/s 


ro 


AnjAc 

cm^/g 


D 

cmVg 


4 


4.1 


0.65 


0.03 


0.9835 


19.1 


0.5 


0.9954 


0.145 


0.644 


8 


3.2 


1.25 


0.02 


0.9985 


14.0 


0.4 


0.9967 


0.151 


0.649 


16 


5.1 


2.0 


0.04 


0.9972 


10.7 


0.4 


0.9922 


0.140 


0.672 


32 


4.4 


2.85 


0.03 


0.9994 


9.2 


0.2 


0.9958 


0.147 


0.684 


64 


4.1 


4.2 


0.06 


0.9989 


6.6 


0.2 


0.9958 


0.153 


0.662 


128 


4.6 


6.2 


0.08 


0.9990 


4.9 


0.1 


0.9966 


0.150 


0.651 
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Fig. 4 Plots of f/sp/c against c for LacPAMAM solutions in 0.165% 
NaCl at 25 °C. Figures on the curves are the numbers of LacPAMAM 
generations 




Fig. 5 Dependence of l^ijm on weight concentration, w, for all 
LacPAMAM generations in pure water 



Msd = [RT/{1 - vpo)]s/D . 

These values are given in Table 2. The same table lists 
mean-square errors in molecular weights determined 
from the corresponding errors in the determination of .s, 
D, and (1 — npg). The comparison of Msd with theoret- 
ical values, Mtheor, shows that they are in satisfactory 
agreement. The values of Mmeor were calculated on the 
assumption that the dendrimer’s propagation was quan- 
titative, just as the attachment of lactose units. A certain 
difference is observed between Msd and Mtheor for 
generations 2 and 3. 




Fig. 6 Variation of the conductivity A/ of aqueous LacPAMAM 
dendrimer solutions (without salt) as a function of LacPAMAM 
concentration (mol/dm^), where the molarity is related to the 
molecular weight of the dendrimer 

Correlations that can be established between hydro- 
dynamic values and Msd with the assumption of their 
homologous character lead to the following scaling 
relations: 

5 = 4.84 X r = 0.9989 

D = 3.56 X r = 0.9969 

[tj] = 2.59 X r = 0.3927 . 

There are the so-called Mark-Kuhn-Houwink-Saku- 
rada plots (Fig. 7). Within experimental error scaling 
indexes correlate with each other but differ slightly from 
the theoretical value for a rigid sphere (bs = 0.667, 
bu = 0.333, b^ = 0). Their numerical values reflect the 
fact that for regularly short-branched molecules hydro- 
dynamic values are arranged in the following sequence 
with respect to their sensitivity to changes in molecular 
weight: s > D > [t]] M^. In contrast, in the case of 

linear molecules, the hydrodynamic values have the 
following sequence: [rj] > D > s. 

An important conclusion from these experimental 
results is the establishment of the fact that in the case of 
dendrimer investigations the intrinsic viscosity cannot be 
considered as a quantitative characteristic. It is only a 
qualitative characteristic indicating that the density 
(compactness) of a dendrimer molecule is greater than 
that of a linear molecule having the same molecular 
weight. This is analogous to the situation occurring in 
the investigation of globular proteins when the value of 
the intrinsic viscosity does not make it possible to 
distinguish between proteins with different molecular 
weights [31, 33]. 

If the dendrimer molecules were hard spherical 
particles with a specific partial volume v, they would 





155 



Table 2 Molecular weight, hy- 
drodynamic invariant Aq, and 
hydrodynamic radii of lactosy- 


N 


Msd 


^Msd 


^ theor 


3TsD/3Ttheor 


Aq X 10'" 


Rd X 10* cm 


X 10* cm 


-^s»;/D — 

RrjX 10^ cm 


lated PAMAM dendrimers 


4 


2 500 


200 


2 420 


1.03 


2.68 


12.8 


11.3 


11.8 




8 


6 600 


300 


5 230 


1.26 


2.50 


17.5 


13.8 


15.0 




16 


13 700 


700 


10 840 


1.26 


2.85 


22.8 
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Fig. 7 Double-logarithmic plot of sedimentation coefficient (1), 
intrinsic viscosity (2), and translational diffusion coefficient (3) versus 
molecular weights Msd, evaluated from the Svedberg equation for 
LacPAMAM dendrimers 0-5 



have a lower expected intrinsic viscosity [ty] = 2.5v = 
1.7-1. 6 cm^/g. By comparing the experimental values of 
[t/]exp (Table 1) with the above estimate of [rj],„ we may 
estimate the volume fraction ([t7]u/[ty]exp) of dendrimer 
substance in the model sphere. This estimation proce- 
dure gives values of the order of 40%, which are ten 
times higher compared to analogous estimates for linear 
macromolecules [40]. This result is indicative of a greater 
density of substance in the volume occupied by a true 
dendrimer molecule (dendrimers of high generations). 

It follows from the fundamental equations [31-33] 

[ri] = 

s = {M/f){\ - vpo)Na 
^M{1-vpo)/{rY"p'>1oNa 

that in dendrimer studies, the sedimentation velocity 
coefficient is greater than those of their linear analogues 
(where / is the translational frictional coefficient, {R^) is 
the mean-square radius of gyration, Na is Avogadro’s 
number, and P' and O' are Flory hydrodynamic 
parameters). Moreover, y becomes more sensitive to 
changes in molecular weight. This is reflected in the 



Fig. 8 Comparison the hydrodynamic invariant values for Lac- 
PAMAM dendrimers (7), for lactosylated dendrimers based on 
poly(propyleneimine) (DAB) (2), and for proteins (2) with the 
theoretical value for a rigid impermeable sphere (A) and with the 
value for linear polymers (C). Line B corresponds to the mean value of 
Ao for lactosylated dendrimers 

results given in Table 1 and also in the results obtained 
earlier [29, 30] on the investigation of lactosylated 
dendrimers based on a DAB core. 



Hydrodynamic invariant 

The hydrodynamic invariant [32, 43] was calculated 
from the experimental values of s, D, [ty], and (1 - vpo). 

Ao^(R[D]^[sMf^ , 

where [D] = DrjQ/T, [y] = ytyo/(l - upo), and R is the 
universal gas constant. These values are listed in 
Table 2. The values of Aq for different generations 
differ only slightly, and their average value is 
(2.61 ± 0.07) X 10“'*’. It is easy to compare the values 
of Aq for LacPAMAM dendrimers, LacDAB den- 
drimers [29, 30], and also for globular proteins [31, 
33]. These comparisons (Fig. 8) showed us that 

1. The values are practically unchanged as a function 
of M. 

2. The values are similar for all molecular systems under 
consideration. 
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3. The experimental values are lower that the theoretical 
value Aq = 2.914 x 10“**’ for rigid impermeable 
spheres. 

A tentative explanation for such a low value of Ag for 
globular proteins was made in terms of the hydrody- 
namics of a porous sphere [44]. (The first attempt to 
apply the Debye-Bueche model of porous spheres [45] 
for the hydrodynamic parameter calculations of macro- 
molecules was made by Tsvetkov and Klenin [46]). 
Although the calculations [44] predict values of Ag below 
the value of an impermeable sphere, the observed 
magnitude of the effect is much larger than that which 
can be expected theoretically; therefore, the puzzlingly 
low values of hydrodynamic invariant for proteins and 
dendrimers must also be regarded as not resolved. 
Theoretical and experimental values of Aq are compared 
for different kinds of lactosylated dendrimers and 
proteins in Fig. 8. 

Flydrodynamic dimensions 

Equivalent hydrodynamic dimensions (radii) can be 
determined on the basis of either the data on transla- 
tional friction or viscometry by using relations for 
impermeable spheres [31]: 

[tj] = 10tiNaRI/3M ( 1 ) 

D — kT /6nt](iRo ■ (2) 

Moreover, it is possible to evaluate R from a direct 
comparison of the values s and [rj] [42]. Since 

s^[{l-vpQ)/6nNAt]o\M/R (3) 

then 

= [5(1 - vpo)9t]o]Rl^ . 

It follows from Eqs. (l)-(3) that R^, Rjj, and R^,, are 
related to each other by the equation R^ = R^^ x R^; 
hence, only two values of R are independent in this 
method of M determination. 

The change in R^ for dendrimer molecules depending 
on generation number is virtually completely determined 
by the change in M because R^ ^ (Af[»?])*'*^ and [rj] 
change only slightly on passing from one generation 
to another. Therefore, if in calculating R^ the value of 
Aftheor is used, the comparison of R^ and Mtheor does not 
provide original information. 

Comparison of the characteristics of lactosylated 
dendrimers based on a DAB core [29, 30] and those 
based on PAMAM are worthy of comment. These 
comparisons are carried out in a system of coordinates 
such that Rq ^ Msu (Fig- 9)- All lactosylated dendrimer 
generations are virtually described by a single depen- 
dence. The core effect in this case is probably screened 
by the lactose environment (shell). 




IgMsD 



Fig. 9 Dependence of hydrodynamic radii of lactosylated dendrimers 
LacPAMAM (I) and lactosylated dendrimers based on DAB (2) on 
logMsD 
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Fig. 10 Double-logarithmic dependence of (Az/Cm) on the hydrody- 
namic radius, R^, for LacPAMAM in pure water 

Now, it is useful to reconsider the conductivity data. 
Let us examine the dependence of the slope of the Ax 
against Cm plot (Eig. 6) as a function of the radius of 
LacPAMAM molecules’ Rjj. The slope of Ax against 
Cm determines the summary mobility of the dendritic 
molecules and the counterions around them. It turns out 
that this value (Ax/Cm) is roughly proportional to R^^ 
(Pig. 10), i.e. to the surface of the molecules. This means 
that the more important contribution to the conductivity 
is only from the charges situated near the surface of the 
dendrimers. 

Conclusion 

The application of a full set of hydrodynamic methods 
for studying dendritic molecules allows us to evaluate 
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the molecular weight and dimensions of LacPAMAM 
dendrimers for generations 0 (tetramer) to 5 (128-mer). 
It was clearly demonstrated that from comparisons 
between the intrinsic viscosity values, that are practically 
insensitive to molecular weight changes, the sedimenta- 
tion velocity coefficient became more sensitive toward 
experimental hydrodynamic values (sedimentation velo- 
city coefficient, translational diffuson coefficient, intrin- 
sic viscosity). This corresponds to the behavior of 
compact spherelike molecules. Experimental molecular 
weight values were in good agreement with the calcu- 
lated molecular weight, thus confirming complete sub- 
stitution of the amine end groups of the initial PAMAM 
dendrimers by lactose residues. The data obtained are in 



good correlation with those obtained for lactosylated 
dendrimers based on a DAB core. This is evidence for 
the weak influence of the core structures on the 
hydrodynamic dimensions of lactosylated dendrimers. 
By their compactness, dendritic lactosylated molecules 
are similar to globular proteins. 
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Abstract The subfragment- 1 (SI) of 
the contractile protein myosin is the 
postulated site of energy transduc- 
tion in muscle. It is currently con- 
sidered that a large conformational 
change in this moeity, which forms 
‘cross-bridges’ between the thick 
(myosin based) and thin (actin 
based) filaments, is the mechanical 
driving force which leads to mutual 
sliding of the two types of filaments, 
and hence to contraction. 

We have studied the possibility 
that SI from skeletal myosin can in 
free solution (and in the absence of 
actin) be induced to undergo related 
changes in conformation, in the 
presence of a range of effectors 
whose action mimics stages of the 
contractile cycle. Analysis of the 



g{s*) profiles of SI under these 
conditions, displayed after force- 
fitting of the known monomer mass 
as conformation spectra (CON- 
SPECs-[7]), shows that changes of 
the type associated with the contrac- 
tile cycle are readily detected. There 
is full qualitative and extensive 
quantitative agreement between the 
magnitude of the changes seen and 
those predicted on the basis of 
hydrodynamic bead modeling and 
high resolution electron microscopy. 
Results from recently published 
X-ray crystallography of smooth 
muscle SI [8] are also in general 
agreement with our findings. 

Key words Myosin SI • EM • 
CON-SPEC • Analogues • Modeling 



Introduction 

The subfragment- 1 (SI) of skeletal myosin is generally 
considered to be the site of energy transduction in muscle. 
The SI units project from the thick filaments, which are 
composed chiefly of myosin, and make contact with the 
thin filaments, comprised chiefly of actin. The individual 
SI units possess ATPase activity, and are able to couple 
the loss of chemical potential associated with the hydro- 
lysis of the nucleotide substrate to the mechanical 
potential required for relative sliding of the two types of 
filament with respect to each other. This is the classical 
“sliding filament” theory of muscle contraction [1, 2]. 
Calculations based upon the known velocity of shortening 
and the known number of such cross-bridges shows that 
the “power stroke” typical of the operation of one cross- 
bridge must be of the approximate order of 10 nm [2, 3]. 



Crystallographic evidence [4] has indicated the pres- 
ence of a “lever arm” in SI, of which the central feature 
is a single a-helix, to which the “light chains” of myosin 
are attached. By the swiveling of this lever arm about the 
larger mass of SI, which is bound to the actin filament, 
relative movement of the filaments could in principle be 
generated, based upon a large conformational change in 
the SI unit [5]. This concept has generally replaced the 
older “swinging cross-bridge” hypothesis, in which the 
entire SI unit was supposed to rotate about the point of 
its attachment to the rest (or rod portion) of the myosin 
molecule. 

The question arises as to whether or not a confor- 
mational change of this magnitude can be detected when 
purified SI is exposed in solution to nucleotide. Limited 
evidence from low-angle X-ray diffraction [6] has 
suggested that an appreciable conformational change 
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does indeed occur. This method gave values for the 
radius of gyration under various conditions, which were 
interpreted by the authors in terms of very simple 
models. The method is open to the criticism that 
exposure to high-intensity X-ray beams can produce 
very significant specimen damage. We have sought to 
monitor the conformational state of SI under a range of 
conditions using hydrodynamic techniques. Bead mod- 
eling, based upon the crystallographic structure and thus 
capable of greater sophistication than the X-ray mod- 
eling of Wakabayashi et al. [6], has been employed to 
predict the level of change expected on the “rotating 
lever arm” hypothesis, and g(s*) profiles obtained under 
the range of conditions simulating physiological states 
have been transformed into “conformation spectra” [7], 
or CON-SPECs, to make clear the extent to which 
significant changes have been detected. This approach 
has additionally been reinforced by the use of high- 
resolution electron microscopy, which has been em- 
ployed in the direct visualization of these morphological 
changes. 

The solvent conditions used in this study follow 
those employed by others [6, 8] to mimic the various 
states postulated to exist in the cross-bridge cycle; 
namely, extreme relaxation with lever arm extended 
with a nonhydrolyzable ATP analogue, ATPyS bound; 
end of the power stroke with nucleotide released with 
no bound nucleotide; bound product prior to the power 
stroke, with ADP present; and maximum compaction 
of the SI prior to the commencement of the power 
stroke, with VO4 or AIF4 present. The effect of the 
presence of BeF^^, has been a matter of dispute. Our 
study addresses the issue as to whether BeF^. mimics the 
ATP (extended) state [5] or the compact, prepower 
stroke state [9]. 



Materials and methods 

Preparation of myosin SI 

Rabbit skeletal myosin was prepared by standard techniques as 
used in our laboratory [10]. Myosin in synthetic filament form (loc. 
cit) was then digested using chymotrypsin in the absence of divalent 
metal ions, for a period of time which control experiments showed 
(by SDS-PAGE) to be adequate to give a 30-50% yield, without 
significant degradation of the SI heavy chain [11]. The action of 
chymotrypsin was stopped by addition of inhibitor (p-methyl 
sulfonyl fluoride). The final preparation of SI contained approx- 
imately 1.6 mg mr‘, in a volume of 5-10 ml. Analytical ultracen- 
trifugation showed a single peak in the g(s*) profile, with a width 
which could be accurately fitted by a single species of molecular 
mass of 110000 Da. This is plausible for a mixed isomer SI 
preparation, with an unknown degree of light-chain degradation. A 
small amount of dimer also appeared to be present, approximately 
constant at around 15% by mass under all conditions studied. We 
believe this estimated proportion is likely to be artifactually higher 
than the actual value in solution, being due in part at least to an 
elevation of the leading baseline of the g(x*) profile caused by radial 
dilution of the plateau region. 



Analytical ultracentrifugation 

Samples of SI in the presence of the appropriate solute components 
were run on a Beckman Optima XL-I analytical ultracentrifuge 
employing Rayleigh interference optics. Rotor speeds in the range 
34 000-45 000 rpm were employed. The data logged into the 
computer were transformed into g(.s*) against s* profiles and 
thence into CON-SPEC(.t*) profiles using standard procedures for 
the former [12] and a recently derived approach for the latter. In 
fitting the Gaussian function to the g(s*) profile, the molecular 
mass was fixed using a procedure which we have derived [7], to give 
maximum precision in the estimates for g(x*)max- The CON-SPEC 
(.?*) function is given by the transformation of the g(x*) function for 
a component of known mass out of direct x* space into (x*)max 
error space. This CON-SPEC (x*) function is a very narrow 
Gaussian for a single, well-defined component: the presence of 
multiple, resolved peaks in the total CON-SPEC is indicative of 
multiple conformational states. 

Routine runs with identical components in different cells in the 
same rotor were performed to confirm that essentially identical 
spectra were produced. Where results were to be compared between 
cells in different runs, a common reference standard in a single 
channel was employed for normalization purposes. 

Electron microscopy 

Initial experiments are reported in which a new approach to high- 
resolution electron microscopy has been employed. This approach, 
called “microcrystallite decoration”, is based upon very low-dose 
evaporation of metal onto a specimen surface, such that only very 
small microcrystallites of the metal ( < 0.7 nm) are deposited. By 
computer summation of identically oriented images, an “averaged” 
image is obtained. Test specimens using tobacco mosaic virus as 
a standard have shown that this method can yield resolutions of the 
order of 1.1 nm, which is a factor of at least 2 better than 
conventional metal shadowing [13]. Results from two conditions 
only are reported here: more detailed results from electron 
microscopy of myosin SI under a full range of conditions will be 
reported elsewhere. 

Myosin SI preparations, with or without added ADP, were 
sprayed at a protein concentration of 0. 1 5 mg mE* in 50% glycerol 
onto freshly cleaved mica surfaces, using high-pressure nitrogen to 
drive a modified artist’s airbrush. The mica fragments bearing 
droplets were then subjected to rotary evaporation of Pt from a 
thermal source at an angle of 5°, for a period of time known from 
control experiments to restrict the growth of Pt crystals to the 
microcrystallite ( < 0.7 nm) range. The replicas thus produced were 
stripped off onto a water surface, picked up on copper grids, and 
examined at 66 000x in a JEOL 100 CX transmission electron 
microscope at an accelerating voltage of 80 keV. The magnification 
of the microscope was calibrated using a diffraction grating replica. 

Images of SI, selected for having a clearly definable orientation, 
were digitized using a UMAX Powerlok scanner with transparency 
hood, interfaced to an Apple Macintosh 4400 PowerPC. The image 
analysis software NIH-IMAGE was employed to orientate and 
integrate up to 30 multiple images. 

Hydrodynamic bead modeling 

Predicted sedimentation coefficients of conformers of myosin SI 
were computed using the programs AtoB and HYDRO The file 
containing the coordinates for myosin SI (code 2MYS in the 
Brookhaven Protein Data Bank), which contains data for most of 
the residues in SI, was converted using AtoB to a bead model with 
a nominal resolution of 10 A consisting of 272 beads. The angle 
between the long axes of head and tail segments was then varied 
from an initial 117° (for SI without ADP) to 65° (the most extreme 
angle observed under the electron microscope for SI. ADP) with 
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four intermediate conformations. The coordinates for these bead 
models were then used as inputs for HYDRO. The partial specific 
volume (v) required by HYDRO was calculated from the known 
amino acid composition of myosin SI. The presence of ADP was 
assumed to have a minimal effect on v. In all cases the models were 
anhydrous; the sedimentation coefficient generated by HYDRO 
was later adjusted for hydration using the relationship 

/ - \l/3 

where j is the sedimentation coefficient and the subscripts h and a 
refer to the hydrated and anhydrous states, respectively. The level 
of hydration is given by S (g water/g protein) and r® is the specific 
volume of water. 



Results 

Electron microscopy of S 1 ± ADP 

Computer averaged images of Si obtained using mag- 
netic circular dichroism (MCD) in the absence of added 
nucleotide (Fig. la) show an extended, slightly curved 



structure, of a size compatible with the crystal structure 
[4]. Indeed the outline of the latter could be almost 
precisely superimposed on the MCD image (not shown). 
The orientation of the lever arm in solution with respect 
to the “head” may thus be taken as corresponding 
closely to that observed in the crystalline state. Statis- 
tical analysis of the results (not shown) indicates only a 
very limited spread of measured head-lever angles about 
the angle of 117° measured from the crystalline struc- 
ture. 

In the presence of ADP, however, many of the SI 
units visualized had a more compact configuration, with 
the putative lever arm being inclined at a much smaller 
angle with respect to the head (Fig. lb); however, 
statistical analysis (not shown) in this case indicated 
that only around half the SI units had wholly adopted 
this compact configuration. The angle of this more 
compact configuration measured from the MCD images 
is 65°. The remainder was distributed about a range of 
intermediate states. This fact is of importance in 
interpretation of hydrodynamic data. 



High resolution (MCD) electron 
microscopy of SI ± ADP reveals a large 
change in the angle of the lever arm 





-ADP 



+ADP 



CON-SPEC analysis 

The results from the CON-SPEC analysis of myosin SI 
under various conditions are shown in Fig. 2. The 
results in the presence of AMP-PNP, a slowly released 
analogue of ADP, show a marked change in g(i*)niax, of 
-1-4.9%. This is in agreement with our previous obser- 
vations [7] that in presence of ADP the sedimentation 
coefficient increases by around 3%. This implies a degree 
of compaction of the molecule, and is qualitatively 
compatible with a rotation of the lever arm of SI as 
suggested by electron microscopy. The fact that the 
effect seen with AMP-PNP is a little larger than that 
seen with ADP [7] could be due to either the extent of 
compaction being larger, or to the proportion of the 
population having a compact form being larger. Given 
the tight-binding nature of AMP-PNP, the latter 
explanation is more plausible. 




Fig. 1 a, b High-resolution magnetic circular dichroism electron 
microscope images of SI ± ADP revealing a large change in the 
angle of the lever arm. c The structure-ADP matches the outline of the 
SI crystal structure (little more extended) 
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Fig. 2 A conformation spectrum diagram showing the SI g(x*)max 
under various conditions 
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In the presence of the nonhydrolyzable ATP ana- 
logue (ATPyS) the sedimentation coefficient decreases, 
by approximately 4.4%, indicating that the molecule 
adopts a more extended shape than the unaffected SI 
when it binds to the actin filament. The possibility arises 
that the change in sedimentation coefficient could also 
be associated with a change in the bulk “head” portion 
of the SI molecule, i.e. it would become more compact 
than the unaffected SI molecule. 

In the presence of VO4, and especially of BeF^c or 
AIF4, the sedimentation coefficient increased markedly. 
This would correspond to the compaction of the SI unit, 
by the lever arm adopting an even more acute angle than 
in the ADP-bound state. This may well be the case for 
VO4, but the degree of increase seen using BeF^^ or AIF4 
is of a magnitude which could call into question whether 
the SI remains monomeric. As only a single peak is seen 
in the g(^*) profile, corresponding to a single sediment- 
ing boundary, could it be that in the presence of these 
polyvalent metal ions, especially AIF4, the protein 
undergoes reversible dimerization? 

Detailed consideration of the g( 5 *) profiles makes it 
in fact very unlikely that the main component seen in the 
presence of BeF^,. or AIF4 is a monomer-dimer reaction 
boundary. 

The fit to the g(j*) profiles obtained on the assump- 
tion of a fixed, monomer mass, is excellent, even in the 
presence of these effectors (Fig. 3). Moreover, the 

Fig. 3a-c A Selection of the analysis data sets. Each data set has been 
corrected to standard temperature ans solvent conditions. The fit line 
on all graphs shows the total of a fit that was forced into a monomer/ 
dimer system, a The curve for myosin SI (the control), b The data for 
myosin SI + AIF4. c The data for myosin SI + BeF,^ 



frictional ratios computed for S 1 under these conditions 
(Table 1 ) remain in the upper range (1.14-1.22) of values 
generally estimated for globular proteins, and are in that 
sense compatible with a strongly compacted conforma- 
tion being present. 



Hydrodynamic bead modeling 

The results of hydrodynamic bead modeling of the 
possible states of SI are shown in column 4 of Table 1. 
The predicted values for the sedimentation coefficient 
agree plausibly with the range of experimental values 
seen (Table 1) for the control SI and for SI in the 
presence of ADP and AMP-PNP, on the assumption 
that the latter effector produces more uniform compac- 
tion of the population than the former. By simple 
extrapolation one can consider that the ^ values seen in 
the presence of ATPyS and of VO 4 are reasonable. This 
is dependent upon the hypothesis that the lever arm in 
the SI monomer is extended beyond the 119° angle in 
the presence of ATPyS, as seen by electron microscopy 
in control SI. In the presence of VO 4 the lever arm 
adopts a smaller angle than the 64° seen in the ADP 
state. The simple modeling which we have employed, 
with rotation in a single plane of the lever arm around a 
central swivel, is, however, not adequate to model the 
much higher degree of compaction seen with BeF^^ or 
AIF 4 (Table 1). As already noted, however, the values 
for the computed frictional ratio (Table 1) are consistent 
with those expected for a slightly noncompact globular 
protein; hence the assumption that the lever arm has 
largely folded back onto the main body of the SI, as 



(a) Myosin SI (b) Mvosin SI + Mg.ADP.AlF. (a) Mvosin SI + Mg.ADP.BeF 
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Table 1 The hydrodynamic parameters for skeletal myosin SI in 
the presence of effectors. The g(i*)n,ax value is equivalent to the 
conventional sedimentation coefficient. The second column shows 
the sign and magnitude of the change induced by the effector, and 


the third column shows the conventionally calculated frictional 
ratio. The fourth column shows which each effector is believed to 
be an analogue 


Sample 


^(■5*)max 


Ag(x*)max(%) 

measured 


Ag(ti*)max(%) 

computed 


flfo 


Analogue 


Control SI 


5.577 


_ 


_ 


1.48 


Power-stroke end 


-H AMP-PNP 


5.848 


-H4.86 


+ 4.2 


1.42 


ADP 


+ VO4 


6.075 


-H8.93 


+ 8.8 


1.36 


ADP.P, 


-H ATPyS 


5.330 


-4.44 


-1.9 


1.55 


ATP 


-t- BeF,c 


6.795 


-H21.8 


- 


1.22 


ATP or ADP.P “ 


-HAlFa 


7.254 


-f30.1 


- 


1.14 


ADP.P, 



“Differing opinions [5, 9] 



suggested by crystallographic work with smooth muscle 
SI [9], 



Discussion 

The current theory of muscle contraction envisages a 
range of conformational states for the myosin SI unit 
depending upon whether it is bound or not bound to the 
actin filaments, and whether it is bound to adenine 
nucleotide in tri- or diphosphate form. A summary of 
this theory, in outline, is shown in Fig. 4. Our results are 
generally in agreement with this scheme. The release of 
the product of hydrolysis of ATP, namely ADP, has 
long been considered to be associated with the “power 
stroke” [14]. Comparison of g(5*)max of SI, with no 
bound nucleotides, (i.e. a condition equivalent to end of 
the power stroke) with that of SI in the presence of ADP 
[7] or of AMP-PNP, which essentially “locks” the 
conformation at the start of power stroke, shows a 
change which by hydrodynamic bead modeling and by 
electron microscopy alike can be interpreted in terms of 



a rotation of the lever arm by around 55°. Assuming a 
rigid SI molecule this translates to a power stroke of 
approximately 10 nm, which agrees with previous work 
[2, 3]. 

By contrast, the effect of ATPyS is to decrease 
g(5'*)max of SI. This implies that the lever arm is capable 
of adopting an even more extended form than we have 
observed in the absence of effectors. From this we could 
infer that the ATP-bound S 1 state might not truly model 
the end of the power stroke, where ATP binds to SI, 
initiating hydrolysis and the re-formation of the com- 
pact state (Fig. 4). This reduction in the sedimentation 
coefficient could hypothetically be explained by involv- 
ing a degree of rearrangement within the “head” portion 
of the SI molecule, possibly “preparing” the molecule 
for the binding to the actin filament. 

At the other extreme, is it possible that at the 
commencement of the power stroke, the SI unit is even 
more compact than our basic models, based upon 
electron microscopy (Fig. 1). This suggests that the 
result obtained in the presence of VO4 supports this and 
the results obtained in the presence of BeF^^ or AIF4 



Fig. 4 Diagram to illustrate the 
principal stages currently be- 
lieved to be involved in the 
generation of sliding motion 
between thick and filaments in 
muscle by means of a series of 
conformation changes in myo- 
sin. SI. The release of the 
product of hydrolysis (ADP) is 
shown to be associated with a 
‘power stroke’ following which 
the extended myosin head de- 
taches from the actin filament 
on binding of ATP whose 
hydrolysis is associated with the 
re-attainment by SI of a com- 
pact form 



The Po»w Stroke 
ADP Release (Transient State) 




Phosphate Detaches Hydrolysis of 

ATP =s ADP + P. 




^88 

ATP Binds 
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seem to provide even stronger evidence for a compact 
molecule. As previously noted, we do need to give 
careful consideration to the possibility that we are seeing 
a reaction (monomer-dimer) boundary; however, there 
are good reasons for rejecting this supposition, it being 
noted that even in the case of the most extreme apparent 
compaction (with AIF 4 ), the frictional ratio value (1.13) 
is in the range usual for a typical globular protein, and 
that a good fit to the g( 5 *) profile is obtained with a 
single Gaussian, due to allowance being made for the 
presence, noted earlier, of a small amount of the 
aggregated, dimeric form. It should be possible to test 
this matter further, but certainly with VO 4 we feel 
confident that the evidence supports the existence of 
states more compact than the 64°-angle state (Fig. 1) 
found for SI in the presence of ADP. 

Hydrodynamic bead modeling results (Table 1) sup- 
port these interpretations. The actual changes seen with 
AMP-PNP, with ATPyS and with VO 4 are predicted 
quite closely (Table 1), if one assumes that the VO 4 state 
represents the smallest physical angle between lever and 
head which is physically plausible (40°). However, the 
changes seen with AIF 4 and with BeF^^ are larger than 
can be modeled in simple terms, and suggest that other 
factors such as a change in solvation - not implausible if 
two surfaces come together - may need to be considered. 

Strong support for the existence of the more highly 
extended or compacted states (more extended; ATPyS; 
more compact; AIF 4 , BeF^^) is provided by the recent 
demonstration that such states can exist, in the presence 
of the above-mentioned effectors, in the crystalline form 
for the case of smooth muscle SI [9]. Whilst one cannot 
simply equate the two entirely, the two SI units from 
skeletal and smooth muscle myosin are very similar in 
architecture, and these findings do indicate that such 
large transitions are geometrically possible for a mole- 



cule of this type. Our results with SI in the presence of 
BeFj,. are wholly consistent with this effector causing 
compaction [9], and not with the suggestion of Holmes 
[5] that extreme extension results, i.e. this is an analogue 
for the ATP-bound state. Detailed electron microscopy 
of skeletal myosin SI under all the above conditions is 
currently in progress in our laboratories in an attempt to 
observe these highly compact and extended states. 

Thns, overall, our results demonstrate that skeletal 
myosin SI monomers, in free solntion, can in the 
presence of a range of known physiological effectors 
adopt a range of configurations, which are very similar 
to those expected on the basis of current theories as to 
the physical basis of the contraction cycle (Fig. 5). The 
range of angles observed in the electron microscopy and 
bead modeling of the analytical ultracentrifuge data 
suggests a morphological change consistent with a 
10 nm “power stroke” as discussed by Dominguez et al. 
[9]. Our results indicate that the presence of bound actin 
is not needed for these changes to occur in SI and that 
the binding of actin is simply the anchoring needed to 
produce the relative sliding of the filaments. Although 
similar changes under a limited range of conditions have 
been seen by electron microscopy using smooth muscle 
SI bound to actin filaments [15, 16], these studies failed 
to find any changes in skeletal myosin SI bound to actin. 
The reason for this is not clear, bnt the imaging noise 
level in such a system is inevitably high. 

It can be deduced that whilst it is certain that the 
binding of actin must cause some degree of conforma- 
tional change in SI, leading to strong activation of the 
ATPase activity, it does not seem to be tightly coupled 
to a change in the lever arm angle relative to the main 
mass of SI, due to the observation of the “swinging” of 
the lever arm when SI is in solntion, without the 
presence of actin. 
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Abstract Complement receptor type 
1 (CRl) is a member of a family of 
regulators of complement activation 
with therapeutic potential. A frag- 
ment of CRl comprising modules 16 
and 17 was overexpressed as a 
recombinant nonglycosylated pro- 
tein in Pichia pastoris. Intrinsic flu- 
orescence studies of the unfolding of 
recombinant CR1~16-17 caused by 
increasing concentrations of gu- 
anidinium chloride revealed that the 
intermodular junction unfolds first, 
followed by module 1 7, with module 
16 the last to unfold. Sedimentation 
velocity studies in the analytical 
ultracentrifuge revealed a corre- 
sponding clear change in conforma- 
tion from the native macromolecules 
with an axial ratio of about 5:1 to a 
much more extended conformation. 



Key words Complement protein 
modules • Intrinsic fluorescence • 
Sedimentation velocity • 
Guanidinium chloride • Unfolding 



Introduction 

The extracellular part of complement receptor type 1 
(CRl) is a representative example of mosaic proteins [1]. 
It consists of 30 modules all belonging to the comple- 
ment protein (CP) type also called short consensus 
repeats, and is a member of the regulators of comple- 
ment activation (RCA) family [2]. CP modules usually 
consist of 60 residues and have four conserved cysteines 
disulfides bonded in 1-3 and 2-A fashion, several 
conserved glycines, prolines, hydrophobic residues and 
a virtually invariant tryptophan. A previous study [3] of 
modules 15-17 of CRl, which is a biologically active 
fragment that binds C3b of the complement cascade, 
along with modules 15-16 and 16 of CRl, was designed 



to establish the extent of the junction between modules 
by monitoring the unfolding of these fragments using 
different techniques (differential scanning calorimetry, 
nuclear magnetic resonance spectroscopy, circular 
dichroism and fluorescence). The results revealed that 
as temperature or denaturant concentration was in- 
creased, the 16-17 junction appeared to melt first, 
followed by the 15-16 junction, module 17 itself, and 
finally by modules 15 and 16. Modules 15 and 16 appear 
to form intermediate states prior to total denaturation. 
In this paper we present unfolding studies on a fragment 
of CRl comprising modules 16-17. The results present- 
ed here complement those obtained previously for 
15-17, 15-16 and 16 module fragments of CRL Taken 
together they yield insight into the extent of intermod- 
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ular interactions between modules 15, 16 and 17. This 
knowledge could be helpful in better understanding the 
structure-function relations among RCA proteins as an 
approach towards the design and assessment of more 
possible inhibitors with potential in a range of clinical 
settings, such as xenotransplantation [4]. In addition, 
many RCA proteins are viral targets [5-6]. 



Materials and methods 

CR-16-17 

Recombinant CR'^lb-lV was overexpressed in Pichia pastoris. The 
purification procedure was essentially as described in Ref. [3]. 
Sodium phosphate buffer (20 mM, pH 6.5) was used in all 
experiments. 

Fluorescence measurements 

Intrinsic fluorescence spectra, using the conserved tryptophan 
residue present in each module, were recorded on a Perkin-Elmer 
LS-50B spectrofluorimeter in a 100-/il cuvette of 0.3-cm pathlength 
at 25.0 °C unless otherwise stated. The excitation wavelength was 
295 nm and the emission spectra were recorded between 300 and 
500 nm.The spectral bandwidth was 10 nm. The protein concen- 
tration was 0.3 g/1. 

Ultracentrifugation 

Sedimentation velocity experiments were performed on an 
Optima XL-A (Beckman Instruments, Palo Alto) analytical 
ultracentrifuge equipped with scanning ultraviolet optics set at 
a wavelength of 280 nm. An optical pathlength cell (12 mm) with 
a 400-/il sample was used and the experiment was performed at 
4.0 °C with a rotor speed of 55 000 rpm. Sedimentation coeffi- 
cients were evaluated from the absorption concentration distri- 
bution data using the Svedberg procedure as described by Philo 
[7] based on a solution of the Lamm equation, and the DCDT 
procedure (time derivative evaluation of apparent distribution of 
apparent sedimentation coefficients) as described by Stafford [8], 
fo yield the sedimentation coefficient, ,?T,b. at a finite concentra- 
tion, c, where the subscripts T and b correspond to temperature 
(in this case 4.0 °C) and buffer, respectively. These values were 
corrected to standard solvent conditions (the density and 
viscosity of water at 20.0 °C) in the standard way [9]. For these 
corrections, the solvent density (in native and denaturing 
solvents) and the partial specific volume (from the amino acid 
sequence) of the protein were evaluated using the routine 
Sednterp based on the procedure described in Ref. [10]. .S 2 o,w 
values determined at several loading concentrations, c, (ranging 
from 0.5 to 4.0 g/1) were then plotted against concentration and 
the zero concentration (i.e. non-ideality-free) value, .s*’ 2 o,w, was 
obtained by linear regression. 



Results and discussion 

Intrinsic fluorescence studies 

The denaturation of CR1^16,17 was followed by 
intrinsic tryptophan fluorescence. It is known that 
each module has a conserved tryptophan residue and 



there are no tryptophan residues elsewhere in the 
sequence. On the basis of homology with experimen- 
tally derived structures, the conserved tryptophan side 
chains can be expected to occupy largely buried 
positions within the hydrophobic cores of the modules 
close to the cysteine Il-cysteine IV disulphide bond 
and the junction with the previous module. Excitation 
at 295 nm resulted in a fluorescence emission spectrum 
with a maximum at 340 nm. The increase in the 
intensity of tryptophan fluorescence upon complete 
denaturation of CR1^16,17 (Fig. la) was about 
tenfold. As previously shown in Ref. [3] upon dena- 
turation of CRl^ 15-17 in 7 M guanidinium chloride 
(GdmCl) there was an increase in fluorescence emis- 
sion intensity at 340 nm of about 14-fold (Fig. lb), a 
consequence of solvent exposure of the tryptophan 
side chain, and a shift in the maximum to 351 nm. 
The increase in the intensity of tryptophan fluores- 
cence upon denaturation for CR1^15,16 was about 
tenfold (Fig. lb), and smaller for the single module 
CRl'^16, about sevenfold (Fig. la). The fluorescence 
intensity changes were reversible. Figure lb indicates 
there are three resolved transitions for CRl^ 15-17 
and two resolved transitions for CR1^15,16, which 
correspond closely to the second and third transitions 
for CR1^15-17. Thus the first transition on the 
CR1^15-17 plot corresponds to the unfolding of the 
16-17 junction and module 17 itself. This conclusion 
was also supported by collecting Hetero nuclear 
Single Quantum Coherence (HSQC) spectra at 2.5 M 
GdmCl for CR^15-17, where it was shown that 
almost no crosspeaks were left which corresponded to 
module 17 [3]. GdmCl - induced denaturation of 
CR1^16 takes place in the range 2-6 M denaturant 
and appears to be a gradual process. When the relative 
intensity is plotted against GdmCl concentration for 
CRl'^16,17, a first transition is observed at 1 M 
denaturant. This may correlate with the first transition 
on the plot for CR1^15-17. Unfolding of module 17 
takes place at a denaturant concentration slightly 
higher than that required for denaturation of the lb- 
17 junction; thus, these two processes cannot be 
completely resolved. Above 3.5 M GdmCl a large 
change in relative intensity is observed. By comparison 
of the CR1^16,17 GdmCl denaturation plot with the 
results obtained previously for module fragments 15- 
17, 15,16 (Fig. lb) and 16 of CRl, it can be concluded 
that the transition above 3.5 M GdmCl corresponds to 
the unfolding of module 16. Further increase in the 
relative intensity of the plot for CR1^16,17 is gradual, 
which correlates with the previously observed behav- 
iour of module 16. Comparing the results of fluores- 
cence studies between 3 M and 4.5 M GdmCl for 
CR1^16-17 with those obtained for the CR1^15-17, 
15-16 and 16 module fragments, we can make the 
following conclusions; 
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GdmCI [M] 

Fig. la, b Fluorescence studies on complement receptor type 1 (CRl) 
fragments, a Fluorescence intensity at 340 nm as a function of 
guanidinium chloride (GdmCl) concentration for CRl'^lO.lV (•) and 
CR1~16 (O). b Fluorescence intensity at 340 nm as a function of 
GdmCl concentration for CRl'^lS-l? (□) and CR1~15,16 (A) 

1. CRl '^16 shows the least cooperative folding amongst 
all modules investigated. 

2. Modules 16-17 also have a broad unfolding transi- 
tion, but module 16 unfolds more sharply as a part of 
CR1^16-17 than when on its own. 

3. Modules 15-16 show a sharper transition during 
unfolding than 16-17. 

4. CR1^15-17 has the sharpest unfolding transition of 
all. 



Ultracentrifugation studies: native buffer at 4.0 °C 

Single symmetric boundaries were observed with single 
symmetric peaks on the plots. An value of 

(1.48 ±0.04) S was obtained from linear regression 
analysis. To interpret the sedimentation coefficient in 
terms of conformation, we first of all evaluate the 
frictional ratio ///o defined by [if] 

f/fo = [M(f - vp2o,J/NA6nti2o,„S% J{4nNA/3Mvy^^ , 

( 1 ) 

where /is the frictional coefficient of the macromolecule, 
/o is the frictional coefficient of a spherical particle of the 
same mass and anhydrous volume, Na is Avogadro’s 
number and p 2 o,w and fyao.w are the density and viscosity, 
respectively, of water at 20.0 °C. M, the molecular 
weight and v, the partial specific volume, were both 
evaluated from the amino acid sequence using the 
programme Sednterp [10] and were found to be 
14513 Da and 0.725 ml/g, respectively. Using these 
values, a value for //, of (1.42 ±0.05) was thus 
obtained. 

The frictional ratio is an intrinsic function of 
molecular shape and hydration (solvation). To eliminate 
the solvation contribution we used the universal Perrin 
function, P, or “frictional ratio due to shape” [11, 12] 
defined by 

i’=///o(l±^/Cp20.wr‘^' • (2) 

To gef an unequivocal estimate for the shape parameter 
P one needs d. Unfortunately this is a notoriously 
difficult “parameter” to measure with any precision, but 
what we can do is to choose a range of hydrations, d, 
and see the corresponding effect on P and the axial 
ratio. In this way, if we set S to 0.3, 0.35 and 0.4 the 
following estimates for P are obtained: 1.28, 1.26 and 
1.23. 

One can then use these values of P to get an overall 
idea of the shape of the protein in terms of the axial 
ratio ajb of the hydrodynamically equivalent ellipsoid of 
revolution, with one major semiaxis, a, and two equal 
minor semiaxes, b, using the simple-to-use routine 
Ellipsl [11, 13]. Corresponding values for the axial 
ratio for CRl'^ 16-17 for the three different values of 8 
were thus 5.5:1, 5.2:1 and 4.6:1. One can say quite 
reasonably therefore that CR1^16-17 under native 
conditions is clearly an asymmetric molecule of axial 
ratio of about 5:1. Since an individual module is known 
from NMR studies [14] to have an axial ratio of about 
3:1 we can say that modules 16-17 are linearly arrayed 
in an end-to-end fashion. To attempt a more refined 
analysis using triaxial ellipsoid or bead/bead-shell 
modelling [15], other hydrodynamic data are required 
[11, 15] which are not currently available for this 
protein. 
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Ultracentrifugation studies: 2 M GdmCl at 4.0 °C 

It is also interesting to observe that on dialysing the 
protein into a solution of 2 M GdmCl, the value of ijo w 
dropped to 1 S for three different solute concentrations 
analysed. Because of the broadness of the boundaries a 
more accurate 520 w value was not obtainable, even with 
the DCDT software, but the drop in clearly 

demonstrates a more asymmetric conformation, and/or 
a change in its solution properties. 

The ultracentrifuge results would therefore appear to 
be in general agreement with the fluorescence data. 

The purpose of this study was to probe the model 
suggested for fragments CR^15-17, 15-16 and 16 in our 
previous work [3], and also to collect new information 
about the modules’ behaviour in fragment 16-17. The 
data obtained are consistent with the major conclusion 
made for the unfolding and stability of modules in the 
15-17 and 15-16 fragments. The 16-17 junction unfolds 
first, followed by module 17 and then by module 16. 
Unfolding of CR1^16-17 followed by fluorescence 
revealed a broad profile which actually appears to be 
similar to that obtained for module 16. This basically 
supports the conclusions made in Ref. [3] that modules 
16 and 17 interact less intensively, or in other words the 
junction between modules 16 and 17 is less extensive 
compared to the 15-16 junction. 

The axial ratio of about 5:1 obtained for CRl^ 16-17 
in nondenaturing buffer conditions indicates that this 



fragment adopts an elongated conformation consistent 
with an end-to-end arrangement of modules. The result 
obtained for CR1^16-17 at 2 M GdmCl indicates that 
the fragment adopts a partially unfolded state, which 
appears to be in agreement with fluorescence data, which 
also show conformational changes under these condi- 
tions. Analysis of the results obtained in our previous 
study led us to the conclusion that the modules undergo 
an expanded intermediate, or in other words a partially 
random form, prior to a random coil state. According to 
our model at 2 M GdmCl the 16-17 junction is unfolded 
and modules 17 and 16 are expanded. The value of 
obtained for CR1^16-17 at 2 M GdmCl agrees well 
with this suggestion. A combination of ultracentrifuga- 
tion and fluorescence has allowed us to find differences 
between the stability and unfolding of modules 16 and 
17 when they are in the 16-17 fragment compared to 
when they are a part of the triple 15-17 fragment of 
CRT 
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Abstract Highly charged macro- 
molecules such as nucleic acids or 
haiophiiic proteins cannot be 
considered without their environ- 
ment of ions and water. Density, 
equilibrium sedimentation and 
neutron scattering were used to 
characterize yeast tRNA*’’’® in high 
concentrations of NaCl or MgCl 2 
and haiophiiic malate dehydroge- 
nase from Haloarcula marismortui 
in high-concentration NaCl 
solutions. Methods were compared 



and used in a complementary way 
to determine partial molal volumes 
and solvent binding parameters, 
which, when the hypothesis of 
an invariant particle is valid, 
provide solvation values for the 
macromolecule. 

Key words Yeast tRNA^’’® • Malate 
dehydrogenase from Haloarcula 
marismortui • Partial molal volume • 
Salt-binding parameter • 

Equilibrium sedimentation 



Introduction 

Highly charged macromolecules such as nucleic acids or 
haiophiiic proteins cannot be considered without their 
environment of ions and water. Interactions between the 
charged macromolecules, ions and water contribute to 
their folding, stability, activity and capacity to interact 
with other macromolecules. Proteins and nucleic acids 
from extremely haiophiiic bacteria are adapted to an 
environment nearly saturated in salt [1-3]. Haiophiiic 
proteins have a negatively charged surface. They require 
high concentrations of salt for stability and they have 
been shown to be solvated by large amounts of salt (KCl 
or NaCl) [4-7]. The interactions between proteins and 
nucleic acids are known to be associated with ion and 
water molecule displacements [8]. They are in general 
inhibited when increasing the salt concentration. As an 
exception, they were seen to be reinforced in high salt 
concentrations in the case of the TATA box binding 
protein from Pyrococcus woesei, whose cytoplasm 
contains 0.8 M salt [9]. In order to explore the role of 
concentrated salt environments on nncleic acids, we 
measured the solvent interactions of yeast Phe tRNA 



between 1 and 4 M NaCl, and 1 and 3 M MgCl 2 . We 
determined for each salt condition the macromolecular 
molal volume by density measurements at constant 
composition of the solvent component. The increments 
of mass or neutron scattering length density were 
measured by density, ultracentrifugation and neutron 
scattering experiments performed at a constant chemical 
potential of the solvent components. Comparing the 
methods, the best technique appears to be sedimentation 
equilibrium, from which binding parameters are calcn- 
lated. From partial molal volumes and binding param- 
eters, and using the invariant particle hypothesis, we 
were able to determine a solvation in NaCl of 4—5 mol 
water per mole of nucleotide, with 60% of the count- 
erions dissociated, consistent with previous calculations. 
The results in MgCl 2 have to be confirmed but indicated 
6-7 mol water per mole of nucleotide, with about all the 
counterions dissociated. On haiophiiic malate dehydro- 
genase, in 2-5 M NaCl, we determined both the partial 
molal volume and the salt binding parameter by using 
complementary density and neutron scattering performed 
at a constant potential of the solvent components. Using 
the invariant particle hypothesis, these experiments 
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allowed the protein to be described as solvated by 
2000 mol per mole of water and 55 mol per mole of salt. 



Theory 

Note that the concentrations, c, are expressed in moles 
per liter. Temperature and pressure are assumed to be 
constant. 



Definitions of components 

As explained by Eisenberg [10], in order to be able to 
consider solution component concentrations as indepen- 
dent thermodynamic variables, they are described as an 
electrically neutral combination of species. There are 
different ways to define the components of a system. We 
consider here the system composed of water (component 
1), macromolecule (the charged nucleotide chain or the 
polypeptide chain plus the number of counterions just 
required for electroneutrality) (component 2), and salt 
(component 3). As a consequence, the molar mass, M 2 , 
and the neutron scattering length density, b 2 , of 
component 2 (Table 1), as well as the partial molal 
volume of the polyelectrolyte, V 2 , depend on the nature 
of the accompanying counterions. 

Partial molal volume 

f 2 = ( 8 En / S »^ 2)„,,„3 , ( 1 ) 

where V 2 is the partial molal volume (ml/mol), is 
the volume of the solution corresponding to 1 kg of 
principal solvent (water), and m,- is the molality of 
component i (mol/kg water). 

V 2 measurement by densimetry 

The molal volumes of salts can be calculated rigorously 
from Eq. (1) after trivial conversion from density tables. 

Table 1 Molar masses and neutron scattering lengths of yeast 
tRNA*’*'®, malate dehydrogenase from Haloarcula marismortui 
(HmMalDH), NaCl and MgCb. Values for tRNA are given per 
mole of nucleotide. The index i is 2 for the macromolecules and 3 
for the salts 





Mi (g/mol) 


hi (cm/mol) 


tRNA’’'''=+76Na'" 


349.8 


6562 X 10® 


tRNA'’’''=+38Mg2'*' 


338.9 




HmMalDH+lSbNa"^ 


134138 


1.9245 X 10'^ 


NaCl 


58.44 


7.9546 X 10" 


MgCb 


95.218 





In the case of the quite low concentrations that are 
most often considered for biological macromolecnles, 
the following equation can be derived; 

(0p/0C2)„,.„3 = [{p - /)/c2]„,_„3= M 2 -p°V2 . (2) 

The mass density increment at constant molality of all 
components except component 2 is measured by the 
density p of a solution at concentration C 2 of component 
2 (mol/1), and of that p^, of the solvent. It has to be 
noted that the experimental determination of V 2 by 
densimetry is extremely difficult since it requires the 
addition to the solvent of just the polyelectrolyte and its 
counterions (component 2), without any other modifi- 
cation in the solvent composition. 



The mass density increment (Sp/Sc 2 )^i 

and the neutron scattering length density increment 

( 8 Pn / 8 c 2)^„^3 

These correspond to the increase in density, p, or 
neutron scattering length density, p^, of the solution due 
to the addition of 1 mol/1 component 2, at constant 
chemical potential of all components except component 
2. This condition can be achieved by dialysis. These are 
the parameters which determine the ability of a macro- 
molecule to sediment and to scatter, respectively [10-12]. 



The measurements of (Spi,4/0C2)^i and (0p/0C2)^i 

1. Small-angle neutron scattering 

/(O)/c2=iVA(0PN/Sc2)^„,3 . (3) 

7(0) is the forward scattering intensity derived from 
the Guinier relation at one macromolecule concen- 
tration extrapolated to zero macromolecule concen- 
tration from a set of measurements. Aa is Avogadro’s 
number [13, 14]. 

2. Density measurement (after dialysis) 

(Sp/0C2)^„^3 = [(P - ■ (4) 

3. Equilibrium sedimentation. For an ideal homoge- 
neous macromolecule in solution 

(0p/0C2)^__^^ = (27?r/co2) 01nc2/0r2 . (5) 



Water and salt binding parameters {dmi/dm 2 )^^ 
and {dm 2 f dm 2 ) 

{dm\/dm 2 ) (also named the interaction parameter or 
the preferential interaction parameter with water) rep- 
resents the hypothetical amount of water (in moles of 
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water per mole of protein) that would have to be added 
to or subtracted from a protein solution to maintain the 
values of and identical to those in pure solvent. 
{dmi/dm 2 )^^ represents the hypothetical amount of 
salt (in moles of salt per mole of protein) to be added or 
subtracted for the same purpose. The two binding 
parameters are related by the solvent composition: 

[(0Wi/8w2)^,,/,3]/[(0»*3/0»)2)^„^3] = (W1/W3) , (6) 

where (wi/w^) is the molar ratio between water and salt 
in the solvent. 



Relation between {dp/dc 2 )^^ and {dpj^/dc 2 )^^ and 
the binding parameters 

The mass density increment and the neutron scattering 
length density increment can be expressed as functions 
of V 2 , Vi, b 2 , b] (the scattering length densities of the 
component in centimeters per mole) and {dm\/Qm 2 )^^ 

( 0p / 0C2)^__^3 = ( M2 - p ° V 2 ) + ( 0 » Ji / 0 »! 2)^,.^3 

x(Mi-/Ti) (7) 

( 0 Pn / 0 C 2)^,_^3 = { b 2 - P % V 2 ) + ( 0 »! i / 0 »! 2)^,,^3 

x(fti-p^Ri) ( 8 ) 

or, alternatively, as functions of V 2 , V^, Z>2, ^3 and 

(0'«3/8w12)^„;,3 

(0p/0C2)^,_^3 = (M2 - p°V2) + {dm2 / dm2) 

x(M3-/R3) (9) 

( 0 Pn/ 0 C 2)^,_^3 = {b2 - P%V2) + (0»i3/0»;2)^,,^3 

x(Z)3-P^R3) (10) 

The complementarity of Eqs. (7) and ( 8 ) or Eqs. (9) and 

( 10 ) will be developed later. 



Structural model for the determination of water 
and salt binding 

For a macromolecule binding (per mole) «i mol water 
and «3 mol salt 

{dm I / dm 2 ) = «i - «3(wi/w3) (11) 

{dm 2 / dm 2 ) = «3 - ni{w 2 /wi) . (12) 

For a particle whose solvation is constant in a solvent of 
various compositions (various vri/w 3 ratios), plots of 
Eqs. (11) or (12) will give straight lines. Alternatively, if 
the binding parameters measured at various salt to water 
ratios satisfies Eqs. (11) or (12) with «i and «3 as 



constant values, the particle (solvated macromolecule) 
can be considered as invariant in composition. 

Remark: the Dorman ejfect 

The dissociation of the counterions of a polyelectrolyte 
induces solvent rearrangements that are equivalent to 
negative salt binding. For complete counterion dissoci- 
ation from a negatively charged polyelectrolyte in a 
solution containing a salt, the values of «3 corresponding 
to the Donnan effect are, per mole of charge 

«3 = — 1/2 for a salt 

„3 = -1/3 for a salt 2X+Y^- 

«3 = — 1/6 for a salt X^+ 2 Y^ 

«3 = — 1/4 for a salt X^+Y^^ . 



Materials and methods 

Macromolecule preparation 
Yeast tRNA'"''‘ 

tRNA*’*’° was obtained from Sigma. It had a Phe acceptance of 
1 100 pmol/unit absorbance at 260 nm. We verified that the 
extinction coefficient (1 unit optical density at 260 nm corresponds 
to 1.86 nM [15]) is constant in NaCl concentrations above 0.1 M, 
and in MgCb concentrations above 10 mM. Unless otherwise 
specified, all tRNA buffers contained 10 mM MOPS (4-morpho- 
line-propane-sulfonic acid), pH 7, and 1 mM ethylenediaminetetra- 
acetate. 

Malate dehydrogenase from Haloarcula marismortui 

Malate dehydrogenase from H. marismortui (HmMalDH) was 
overexpressed in E. coti and purified using a classical protocol [16, 
17], It was stocked at 6 °C in 4 M NaCl, passed on a gel filtration 
column (Superose 12HR10-30 from Pharmacia) and reconcentrat- 
ed on Centricon 30 (Amicon) before the experiments. All buffers 
contained 50 mM tris(hydroxymethyl)aminomethane, pH 8.2. The 
macromolecule content was measured spectroscopically after the 
density and neutron measurements (1 unit optical density at 
280 nm corresponds to 6.51 pM [4]). 

V 2 of tRNA*’*'® from density measurements 

We followed the protocol of Cohen and Eisenberg [18]. tRNA*’*'® 
(6-8 mg) was dissolved in 1 ml 0.1 M NaCl or MgCE, heated at 
65 °C for 5 min, filtered, and extensively dialyzed at 4 °C against 
water. The measurement of the density of this solution (A) 
allowed its RNA concentration to be determined. On a high- 
precision Mettler balance (1/100 mg), in a 4-ml glass bottle, were 
added (by weight) desiccated salt and solution (A), from which the 
weight of water and salt molarity of the final solution (B) are 
known precisely. A set of five solvents of similar molarity were 
prepared. The densities of all solutions were measured on a Paar 
DMA 602 M regulated at 20 °C. The measurement of the 
reference solvents allowed the density of the solvent in solution 
(B) to be determined exactly. V 2 was then determined according to 
Eq. (2). 
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Measurements by density of the mass density increments at 
constant chemical potential of diffusible components 

tRNA*’*'® was dissolved in 0.1 M NaCl, heated for 5 min at 65 °C, 
and filtered before extensive dialysis against the appropriate salt 
solution at room temperature. HmMalDH was dialysed against the 
appropriate salt solution, directly from its stock solution. Two bags 
were also filled with the buffer in order to check the condition of 
equilibrium dialysis. To avoid solvent evaporation, samples were 
taken from the dialysis bags in a cold room using a syringe and 
pricking the bag when inside the bath. 

Sedimentation equilibrium 

tRNA (5 /A) in 0.1 NaCl or MgCl 2 was dissolved in 135 fil of 
appropriate buffer. Experiments were performed on an Optima 
XL-A ultracentrifuge (Beckman) at 15 000 and 23 000 rpm and 
analysis was performed using Beckman software, EQASSOC4, 
using an experimental baseline determined after ultracentrifugation 
at 42 000 rpm. 

Neutron scattering experiments 

Neutron scattering experiments were performed at room temper- 
ature on the Dll_ instrument at the ILL, Grenoble [19], using a 
wavelength of 6 A (tRNA*’*'°) and 10 A (HmMalDH), a collima- 
tion of 2.5 m, and sample detector distances of 2.8 and 1.2 m. 
Usual normalization of the data was performed by using the 
scattering of 1.00 mm water [13]. Samples were prepared as for 
density experiments with a tRNA*’*’° concentration between 3 and 
8 g/1, and a HmMalDH concentration between 7 and 21 g/1, in 
order to extrapolate parameters to zero concentration of macro- 
molecule [20]. 



Results 

tRNA 

Partial molal volumes 

The values of partial molal volumes measured for Na- 
tRNA and Mg-tRNA are compared in Fig. 1. When 
increasing the salt concentration, V 2 increases due to the 
fact that water molecules are electrostricted around 
charged groups in the solvent. The difference of about 
10 cm^/mol between V 2 of tRNA in NaCl and in MgCl 2 




Fig. 1 Partial molal volumes measured for yeast Na-tRNA*’’’° and 
Mg-tRNA*’'''= 



can be related to the reported difference between the 
partial molal volume of the counterions (-1.2 cm^/mol 
for Na^, -10.6 cm^/mol for 1/2 Mg^^ at infinite 
dilution [21]). When expressed in cubic centimeters per 
gram, the partial specific volume increases for Na-tRNA 
from 0.505 to 0.52 cm^/g (the values found for Na-DNA 
in the same range of salt were 0.50 and 0.54 cm^/g [18]) 
and for Mg-tRNA from 0.48 to 0.50 cm^/g. Note that 
these values are different from the operational apparent 
specific volumes, used for the interpretation of 
sedimentation experiments. The 4>'2 values are obtained 
at constant chemical potential of water and salt and are 
not thermodynamic quantities. They are significantly 
larger than the partial specific volumes [22]. Combined 
(/>2 from density and equilibrium sedimentation experi- 
ments were successfully used to determine the molecular 
weight and dimerization of 16S ribosomal RNA [23]. 

Neutron scattering experiments 

Neutron scattering increments for tRNA in various salts 
up to 0.9 M have been published [24, 25]. We attempted 
to extend these data to \-A M NaCl conditions [26]. The 
accuracy in the absolute values of /( 0 )/c 2 was insufficient 
for the analysis, however, because of the small mass of 
the macromolecule and the slight polydispersity in the 
solutions. These data were therefore not used for further 
treatment. 

Mass density increment at constant chemical 
potential of diffusible components 

From Table 2, it can be seen that above 1 M NaCl data 
obtained from density and ultracentrifugation experi- 
ments are in good agreement. Ultracentrifugation ap- 
pears clearly as the most powerful technique, since it 
needs much less material, and requires much less caution 
in the preparation of the sample for the equivalent 
precision. The curves (not shown) of the density 
increments obtained from ultracentrifugation as func- 
tions of density for Na-tRNA and Mg-tRNA are very 
slightly shifted with respect to each other. 

Interaction parameters and structural model of 
solvation for tRNA 

The salt binding parameters calculated from density 
and/or equilibrium sedimentation according to Eq. (7) 
using V 2 from density measurements {V 2 was extrapolat- 
ed as parallel to the NaCl curve at high MgCl 2 
concentrations) are plotted in Fig. 2. Above 1 M NaCl, 
the curve can be considered to be a straight line, and 
thus the data can be interpreted in terms of a macro- 
molecule with constant solvation (Eq. 11). The intercept 
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Table 2 Mass density incre- 
ments determined for tRNA’’*'® 
in NaCl and MgCl 2 . Salt con- 
centrations (mol/1), density p*' 
(g/ml), density increments 
{dp/dc 2 )ii,,ti, (g/mol nucleo- 
tide), for which errors have 
been determined from sets of 
experiments to be ±2.6 g/mol 



Salt 

concentration 


Densimetry 
in NaCl 


Equilibrium sedimentation 




in NaCl 




in MgCb 


p” 


(ep/0c2),„,3 


P° 


(Sp/0C2)„,ft 


p" 


(ep/ec2)„.,3 


0.1 


1.003 


165 


1.002 


170 


1.006 


163 


0.48 






1.020 


160 






0.96 






1.036 


154 


1.073 


140 


1 


1.040 


149 










1.92 






1.078 


142 


1.136 


121 


2 


1.077 


137 










2.87 






1.114 


129 


1.190 


106 


3.7 


1.142 


121 










3.83 






1.145 


118 






4.74 






1.176 


112 








molar ratio between salt and water 
in the solvent 

Fig. 2 Salt binding parameters calculated for yeast Na-tRNA*’*'° and 
Mg-tRNA*’’’'^ from density and/or equilibrium sedimentation. Open 
circles: in MgCl 2 from equilibrium sedimentation; filled circles: in 
NaCl from equilibrium sedimentation; filled squares: in NaCl from 
density measurements 

of the curve gives a value of «3 = -0.3 mol associated 
salt to 1 mol nucleotide, and the slope has a value of 
ri\ = 5 mol associated water. This means that the 
Donnan elfect dominates this term, since negative values 
of binding are associated with dissociation of counter- 
ions. These values are very close to those found for 
DNA in the same range of salt concentrations {n\ = 4, 
«3 = -0.3 [27]). 

The modeling of the salt binding related to the 
Donnan effect for a regularly charged cylinder (schema- 
tizing B-DNA) [28] has shown that salt binding decreases 
when increasing the salt concentration. At 0 M mono- 
valent salt, the salt binding parameter is -0.06, a value 
calculated from Manning condensation theory [29]; it 
decreases strongly between 0 and 1 M salt, reaching a 
value of -0.3. Between 1 and 4 M salt it decreases only 
slightly, reaching a value of -0.34. These last values 
correspond to the experimental value of n^. At low salt 
concentration, the salt binding parameters of a cylinder 
and a sphere of the same effective charge density differ, 
but above f M monovalent salt, the calculated values 
are similar and nearly constant, in agreement with our 
results on tRNA. 



For tRNA in MgCl2, the invariant particle hypoth- 
esis gave values of «i =6 mol water per mole of 
nucleotide, and «3 = -0.14 mol of sail per mole of 
nucleofide, a value closed lo Ihe Donnan value of -0.16 
(corresponding to the total dissociation of the counter- 
ions). This suggests that in MgCl2 at high salt concen- 
tration, tRNA is more hydrated and with its counterions 
more dissociated than in NaCl; however, these experi- 
mental results have to be completed by more measure- 
ments around 1 M MgCl2. 

Flalophilic malate dehydrogenase 

Complementarity between neutron and mass experiments 
(equilibrium or density), in H 2 O and D 20 ,for the 
determination of both the partial molal volume and the 
solvent binding parameter of biological polyelectrolytes 

The protocol described for the determination of the 
partial molal volume by densimetry for tRNA cannot be 
applied to HmMalDH. During the extensive dialysis 
against water, the protein would denature in an 
essentially irreversible way. We thus used the comple- 
mentarity of Eqs. (9) and (10) to determine both V 2 and 
(0»T3/0»;2)^„^3 from (0p/0C2)^,,,3 and {^Pnl^C 2 ) . 

Inspection of Table 3 allows us to understand how this 
complementarity can be used in the best way for the four 
experiments; mass/H20, mass/D20, neutron/H20 and 
neutron/D20. 

The first comment concerns the contrast variation 
capability of each “technique” when increasing the salt 
concentration. From column 7 of Table 3, it can be seen 
that the density or neutron scattering length density 
varies significantly between 4 M NaCl and water. From 
this fact, each of the four techniques has a good potential 
to determine macromolecule solvation at multimolar salt 
concentrations (combining Eqs. 9 or 10 and 12). The 
comparison and complemenlarity of Ihese techniques in 
this frame was developed in a previous paper [12]. 
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Table 3 Mass and neutron scattering properties in water and 4 M 
NaCl solutions with hydrogenated or deuterated water of a protein 
of 100 000 g/mol. Columns 1-6 concern the properties in water; 
column 7 considers the differences in the properties between 4 M 
NaCl (*) and water. The solvent densities, p”, or neutron scattering 
length densities, p^, the molar masses, M2, M3, and neutron 



scattering lengths, h 2 , h^, of the protein (index 2) and salt (index 3) 
are indicated. We consider a partial molal volume for the protein of 
73 000 cm^/mol and for the salt of 20 cm^/mol. The units for col- 
umns 1 and 7 are: g/ml or 10^'” cm“^; for columns 2, 3. 4 and 6: 
10^^ g/mol or 10^'^cm/mol; for column 5: g/mol or 10^ cm/mol 





1 

or 

Pn 


2 

M2 

or 

b 2 


3 

P%2 

or 

PnE 


4 

(M2- p^h) 
or 

(*2-P^F2) 


5 

M2 

or 

hi 


6 

100(M3-p%3) 

or 

100(^-3-p?,p3) 


?p“* -p") 
or 

(A* -^n) 


Mass/H20 


1.00 


1.00 


0.73 


0.27 


58 


0.04 


0.16 


Mass/D20 


1.11 


1.01 


0.81 


0.20 


58 


0.04 


0.14 


Neutron/H20 


-0.56 


1.45 


1.86 


1.86 


79.5 


0.09 


0.36 


Neutron/D20 


6.40 


2.16 


-2.15 


-2.51 


79.5 


-0.05 


0.22 



The comparison of the relative weights of columns 2 
(M2 or b2), 3 (p^V2 or p%V2) and 6 [( 100 (M 3 - /h?) or 
100(Z)3 — Pn^ 3)] gives an indication of the relative 
weights of the protein, of the excluded solvent mass, 
and of the perturbed solvent, in the mass density or the 
neutron scattered length density of the solvated protein. 
It appears that mass/H 20 plus mass/D 20 are only 
slightly complementary, compared to each of the other 
combinations of techniques. For example, in the neu- 
tron/D20 technique, the influence of solvent interactions 
is negligible, and that of the excluded solvent mass 
considerable, and in the neutron/H20 technique 
excluded solvent does not have a large weighting. 

However, it appears that the measurements perform- 
ed in D2O are not usable for the precise determination of 
both V2 and the binding parameters because M2 and b2 
cannot be precisely defined: they depend on the amount 
of hydrogen exchanged by deuterium in the protein, a 
quantity hardly defined since it depends on sample 
preparation (and note that in the case of polyelectrolytes 
in the presence of salts mass spectroscopy, a powerful 
technique to determine hydrogen/deuterium exchange, is 
not able to give good results). We calculate that a 10 % 
error in the estimation of the amount of exchangeable 
exchanged hydrogen will provide a variation of about 
5 % in either M2 or b2, and will lead to an error in partial 
specific volumes of about 0.1 cm^/g. 

Thus we used mass density and neutron scattering 
experiments performed in H2O to determine simulta- 
neously both V2 and ( 0 »i 3 / 8 wr 2 )^^ Because HmMalDH 
can be obtained as a very stable and homogeneous 
material in large amounts, as it is a protein of quite large 
molar mass, a very precise determination of 
( 0 / 9 n/ 0 C 2 )^i can be obtained from the extrapolation 
to zero protein concentration of the forward intensities 
measured in a range of 5-25 g /1 protein concentration for 
a given salt condition [ 20 ]. The determination of 
(0p/0C2)^^ was performed by density measurements, 
since this tetrameric protein was seen by ultracentrifuga- 
tion to dissociate at low protein concentration [ 4 ]. As a 
consequence, the determination of (0p/0C2)^^ by equi- 



librium sedimentation is difficult since it is coupled to the 
determination of an association constant, while density 
measurements are performed at protein concentrations at 
which dissociation does not occur, and furthermore, they 
would be insensitive to the protein dissociation if the 
interaction with the solvent of dissociated and associated 
protein were not significantly different [12]. 

A graphical determination of both % and ( 0 »i 3 / 0 wi 2 )^i 

From (0p/0C2)^^ measured at each salt condition, we 
calculated a series of solutions to Eq. ( 9 ); [%; (01113/ 
01122)^1 In the same way, from {dp^/dc2)^i^,fi^ measured 
at the same salt concentrations, we calculated a series of 
solutions to Eq. ( 10 ). These solutions, when plotted on 
the same graph, provided the solution which satisfies both 
Eqs. ( 9 ) and ( 10 ). This determination for HmMalDH in 
4 M NaCl is shown in Eig. 3 . The complementarity can be 
seen from the fact that the two lines cross. We note that 
mass/D20 would give a line with a slope similar to that of 
mass/H20 attesting to the poor complementarity of these 
two techniques, and neutron/D20 a nearly vertical line. 
However, as previously mentioned, the uncertainties in 
hydrogen/deuterium exchange in the protein make the 




Fig. 3 Graphical determination of V 2 and (6m3/6m2)(j,.ft for malate 
dehydrogenase from Haloareula marismortui {HmMalDH) in 4 M 
NaCl. Pairs of solutions [t^; (6«i3/6m2);,,,^3] from {3p/3c2)fi,,f,^ and 
(0 Pn/ 0C2 ),j,,P 3 are plotted on the same graph, the crossing point 
giving the solution 
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techniques with D 2 O solvents unsuitable for the [f^; 
( 0 W 3 / 0 W 2 )^^ ^ ] determination: in the graphical represen- 
tation, depending on the hydrogen/deuterium exchange, 
lines are significantly shifted. 

Partial specific volumes of HmMalDH in 2-5 M NaCl 

The values calculated for partial specific volumes of 
HmMalDH from V 2 in 2, 3, 4 and 5 M NaCl are 0.700, 
0.709, 0.700 and 0.708 cm^/g, respectively. We note that 
as expected, they are nearly constant or perhaps increase 
slightly, a feature which can be related to limited 
electrostriction at higher salt concentrations. 

From the values and formulae given by Harpaz et al. 
[30] and neglecting the participation of counterions we 
calculated a partial specific volume of 0.713 cm^/g for 
HmMalDH, derived from either the volumes of the 
amino acids in water corrected by the volume of the 
peptide bond, or the volumes obtained from crystallo- 
graphic studies with correction for electrostriction 
around charged residues. A limiting value of 
V 2 — 0.735 cm^/g is calculated considering no electro- 
striction. Partial specific volumes of an ion in aqueous 
solutions can be attributed to two major components, 
one being its intrinsic volume (which corresponds to a 
radius slightly larger than the crystallographic one), and 
the other its electrostatic volume [18]. For HmMalDH 
associated with its counterions we calculated limiting 
values of 0.684 cm^/g and 0.725 cm^/g, corresponding to 
maximum and zero electrostriction. The experimental 
values are found within this range. 

Solvation of HmMalDH in the invariant particle 
hypothesis 

From the slope and intercept of the line presented in 
Fig. 4, we found using the invariant particle hypothesis 




molar ratio between salt and water 
in the solvent 

Fig. 4 Salt binding parameters calculated for HmMalDH from 
density and neutron scattering experiments in NaCl 



a solvation of 55 mol salt and 2000 mol water in 
addition to the 156 counterions. The validity of the 
hypothesis will be discussed in subsequent work. The 
results are similar while not identical to those found 
previously by Bonnete et al. [4], due not only to the 
more rigorous formalism used here and to the use of 
different values for V 2 , but also to some discrepancy in 
the measurements (which were not performed at the 
same temperature and pH); 1 g protein was described 
as solvated by 0.08 g NaCl and 0.2 g water; here we 
find, by adding 55 mol salt and the 156 counterions, 
0.05 g salt and 0.27 g water per gram of protein 
(considered without its counterions). Preliminary re- 
sults suggest that the solvation and hydration varies 
depending on the nature of the salt present in the 
solvent [31]. The respective role of the cations and 
anions on the stabilization of HmMalDH was also 
explored in order to discriminate specific and nonspe- 
cific effects [7]. The solvent structure around 
HmMalDH is currently being studied by X-ray crys- 
tallography [32]. 
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Abstract Determining the complex 
size and the association behaviour of 
intrinsic membrane proteins by an- 
alytical uitracentrifugation is usually 
performed in aqueous solutions 
containing nonionic, nondenaturing 
detergents. In sedimentation equi- 
librium experiments, the contribu- 
tion of the protein-bound detergent 
to the quantities of interest, as well 
as the contribution of free detergent 
micelles to the sedimentation pro- 
files, can be eliminated by perform- 
ing the measurements at a solvent 
density which equals that of the 
detergent (“density matching”). In 
the past, density matching had been 
almost exclusively done by substi- 
tuting H2O by appropriate H2O/ 
D2O mixtures. We have now applied 
sucrose or glycerol to blank out the 
contribution of either nonaethylene 
glycol lauryl ether (C12E9) or Triton 
X-100 (reduced form). In addition. 



we adjusted the density of a N,N- 
dimethyllaurylamine A-oxide/Ci2E9 
mixture to that of the solvent. The 
model protein used in our study was 
cytochrome c oxidase from Para- 
coccus denitrificans. We found that 
all approaches described work well; 
the results obtained were virtually 
identical to those determined in 
H2O/D2O mixtures. The detergent 
densities to be matched, however, 
were lowered by both sucrose and 
glycerol. Sucrose and glycerol are 
well known for their ability to sta- 
bilize protein conformation; thus, 
applying these reagents for density 
matching, instead of D2O, could be 
helpful in ultracentrifuge studies on 
more labile membrane proteins. 

Key words Membrane proteins • 
Association behaviour • 

Detergents • Density matching • 
Sedimentation equilibrium 



Introduction 

Solubilization and purification of intrinsic membrane 
proteins in aqueous solutions containing suitable non- 
ionic detergents apparently does not disturb the pro- 
teins’ secondary, tertiary and quaternary structure [1,2]. 
As a consequence, molar mass determination of mono- 
mers or stable complexes of such proteins, as well as 
studies on their homologous or heterologous protein- 
protein associations, can be performed on the detergent- 
solubilized proteins [2, 3]. Analytical uitracentrifugation 
is considered to be the best technique available for these 
purposes [2, 3]. 



In ultracentrifuge experiments on membrane proteins 
in detergent solutions, the protein-bound detergent 
contributes to both the molar mass, M, and the partial 
specific volume, v, of the protein particles. It also 
influences their kinetic parameters; sedimentation, dif- 
fusion and frictional coefficient. In addition, free deter- 
gent micelles may contribute to the measured 
absorbance-versus-radius, A{r), or refractive index-ver- 
sus-radius distributions. In sedimentation equilibrium 
experiments, however, these effects in many cases do not 
represent a serious problem; 

1. Detergent contributions to the proteins’ kinetic 
parameters are not relevant. 
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2. With a large number of detergents, the other contri- 
butions can be nearly completely eliminated by 
performing the experiments at a solvent density, p, 
which equals that of the detergent [2, 4]. 

The latter technique is called “density matching”; it is 
analogous to “contrast variation”, as applied in small- 
angle X-ray and neutron scattering [5]. 

In the past, density matching has been done almost 
exclusively by substituting H2O by appropriate H2O/ 
D2O mixtures [2, 4]. However, it was clear from the 
beginning that other choices do exist, such as the use of 
sucrose, glycerol, salts or mixtures of these additives 
with D2O to increase buffer density to that of the 
detergent [6-10]. In addition, an alternative procedure 
was suggested and applied, namely the use of a detergent 
mixture “tailored” to match the density of dilute 
aqueous buffers [11]. Unfortunately, it turned out that 
this detergent was only useful with a very limited 
number of membrane proteins. 

Two of the additives applicable for increasing solvent 
density mentioned above, sucrose and glycerol, are well 
known for their ability to stabilize protein conformation 
[12-15]. In the course of our work on a very labile 
membrane protein, the erythrocyte anion exchanger 
(band 3), we became interested in utilizing these addi- 
tives for stabilizing the protein in its native conforma- 
tion. We have now systematically studied whether they 
can be applied to the matching of the density of two 
popular nonionic detergents, nonaethylene glycol lauryl 
ether (C12E9) and Triton X-100, rednced form (rTX- 
100). In addition, in analogy to Ref. [1 1] we adjusted the 
density of a detergent mixture to that of the solvent. In 
contrast to Ref. [11], we started with two detergents of 
widespread use in membrane research, namely N,N- 
dimethyllaurylamine Woxide (LDAO), one of the rare 
detergents with a density less than 1 g/ml [1, 2], and 
C12E9. We applied the approaches outlined to cyto- 
chrome c oxidase from Paracoccus denitrificans, a stable 
protein/pigment complex consisting of four different 
protein subunits and two haem a molecules, which can 
easily be isolated as a homogeneous complex [16, 17]. 
Particular consideration was given to the questions of 
whether the additives lead to nonidealities in the 
sedimentation behaviour and to changes in the partial 
specific volume of the protein. We also tried to apply 
density matching by sncrose or glycerol to dodecyl 
maltoside (DDM), a frequently used detergent of 
relatively high density. 



Materials and methods 

Materials 

C12E9 (‘ ‘Thesit”) was purchased from Boehringer (Mannheim), 
rTX-100 from Sigma-Aldrich (Deisenhofen), LDAO from Fluka 



(Buchs), and DDM from Biomol (Hamburg). 1, 6-Diphenyl- 1,3,5- 
hexatriene (DPH) was obtained from Serva (Heidelberg). 

Cytochrome c oxidase from wild-type P. denitrificans (strain 
ATCC 13543) was isolated as described earlier [16] in the detergent 
DDM, and was transferred into the detergent solutions described 
below by ion-exchange chromatography on a (8 x l)-cm column of 
DEAE-Sepharose CL 6B (Serva). The final protein concentration 
(in the buffer described below) was approximately 0.2 g/1, equi- 
valent to an absorbance, at 425 nm for pathlength of 1 cm, of 0.30- 
0.33. The isolated protein complex did not contain any conta- 
minants absorbing around 425 nm, i.e., in the absorption range of 
the attached pigment. 

Methods 

In order to find out the concentrations of D2O, sucrose or glycerol 
matching the density of Ci2Ecj micelles, the effective molar mass of 
the micelles, Meff = M(1 — vp), was determined as a function of 
the concentration of the additives by sedimentation equilibrium 
analysis [18]. The Ci2Ecj micelles were labelled with the dye DPH, 
which does not significantly influence their density [18]. Density 
matching of rTX-100 and DDM by sucrose and glycerol was 
investigated similarly, but without DPH labelling. Analogous 
experiments were performed with LDAO/C12E9/DPH mixtures in 
order to determine the weight ratio of the two detergents which 
yields, in aqueous buffer, micelles with = 0. Mixtures of 
C12E9 and DPH, and of LDAO, C12E9 and DPH, both with a DPH 
content of 0.5 mg/g detergent, as well as mixtures of LDAO and 
C12E9 were initially prepared in chloroform/methanol (2:1 v/v). 
The organic solvents were then removed in a rotary evaporator. 
Afterwards, the detergents, at a total concentration of 0.1-0. 5% 
(w/v), were resolubilized in 10 mM tris(hydroxymethyl)amino- 
methane/HCl (pH 8.0), 50 mM NaCl and 0.5 mM ethylene- 
diaminetetraacetate containing the required concentrations of 
D2O, sucrose or glycerol. rTX-100, unstained C12E9 or DDM 
were directly dissolved in the aqueous solvent. 

Sedimentation equilibrium analysis of C12E9, rTX-100 and 
LDAO/C12E9 micelles and complexes of cytochrome c oxidase with 
these detergents, in the buffers described, was performed using a 
Beckman Optima XL-A analytical ultracentrifuge, an An-60 Ti or 
an An-50 Ti rotor, and standard Epon 6-channel centrepieces. The 
sample volume was 135 pi. DPH-stained detergent micelles were 
studied at a wavelength of 357 nm, the (unstained) micelles of rTX- 
100 at 275 nm and samples of cytochrome c oxidase at 425 nm. The 
step mode (Ar = 0.002 cm) and 20-50 replicates were used to scan 
the cells. The rotor speed was 13 000, 20 000 and 40 000 rpm for the 
detergent micelles, and 12 000 rpm in the studies on the enzyme; the 
latter was followed by a few hours at 40 000 rpm to allow baseline 
position and the quality of density matching to be checked. Studies 
on DDM used an Optima XL-I ultracentrifuge, a rotor speed of 
20000 rpm and unstained micelles, under otherwise identical 
conditions. The rotor temperature was 4 °C. 

Solution densities were measured in a Paar DMA 02 density 
meter (Anton Paar, Graz), and kinematic viscosities in a 
Ubbelohde viscometer, ref no. 50101 (Schott, Hofheim a. Ts.), at 
a temperature of 4 °C. 



Results 

The exact density of a detergent micelle depends not 
only on its chemical structure but also on other 
parameters: on solvent composition (see later), solvent 
temperature and, for chemically heterogeneous deter- 
gents (such as C12E9 or rTX-100), on the manufacturer 
and, even with one manufacturer, on the detergent 
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batch. Thus, for each experimental condition, the exact 
density matching conditions have to be established by 
experiment. In view of the large number of detergents 
(and manufacturers) as well as the broad spectrum of 
experimental conditions applied in biomembrane re- 
search, we did not attempt to establish a compilation of 
exact density matching conditions for a large number of 
detergents and conditions (for approximate figures see 
Refs. [8, 19]). Instead, it was our aim to demonstrate the 
general feasibility of a few selected approaches which 
seemed to be promising. Application of the methods 
described to other systems or conditions should be 
straightforward. 



Establishing the conditions for density matching 

For a series of concentrations of the additives sucrose 
and glycerol, sedimentation equilibrium experiments 
were performed on the detergents C12E9 and rTX-100 
in order to determine the additive concentrations which 
cancel the sedimentation of the detergent micelles. The 
resulting data “detergent Mgff versus solvent density” for 
all additives are shown in Fig. 1 (for additional data on 
the system C12E9/H2O/D2O see Ref. [18]). The solvent 
densities that match the micelle density under the 
given conditions correspond to 6.4% (w/v) sucrose, 
13.2% (w/v) glycerol or 46% (v/v) D2O for C12E9 and 
9.7% (w/v) sucrose or 23.0% (w/v) glycerol for rTX-100. 
As already noted, these figures can vary slightly with the 
batch and the temperature. They were found to be 
virtually independent of detergent concentration, Cd, 
[0.1% < Cd<0.5% (w/v)]. It is obvious from Fig. 1 that 
the matching density is strongly dependent on the 
solvent system and is lower for glycerol and even more 
so for sucrose solutions than for H2O/D2O mixtures. 
Thus, the apparent partial specific volume of fhe 
defergenf micelles disfincfly depends on the type of 
additive used. This effect is also responsible for the 
nonlinearity of the curves in Fig. lA. 

We performed analogous measurements on DDM, a 
detergent frequently applied for the solubilization of 
labile membrane proteins. When the solution density 
was increased by addition of D20/D2*^0, the density of 
this detergent (at 6 °C) was found to be 1.253 g/ml by 
extrapolation [18]. Using sucrose and glycerol, actual 
density matching could be obtained, the additive 
concentrations required being approximately 39% (w/v) 
and 76% (v/v) (958 g/1), respectively. Since we consider 
these additive concentrations as too high for use in 
sedimentation equilibrium studies, we did not pursue 
this approach (see later). 

Experimental data on the effective molar mass of 
mixed FDAO/C12E9 micelles as a function of the FDAO 
content are shown in Fig. 2, for a total detergent 
concentration of 0.2% (w/v). According to the figure. 





Fig. 1A,B Dependency of the effective molar mass of micelles of 
A nonaethylene glycol lauryl ether {Ci 2 Eg) [0.3% (w/v)] and B Triton 
X-100, reduced form (rTX-100) [approximately 0.33% (w/v)] on 
solvent density, varied by sucrose (□), glycerol (A) or D 2 O (O). Rotor 
speed: 40 000 rpm. The figure for rTX-100 in H 2 O/D 2 O, measured 
at 6 °C, is taken from Ref [26] 

the A(r) profiles should be parallel fo fhe baseline at an 
FDAO content of the detergent mixture of 43 % (w/w). 
This was in fact found to be the case (see insert in 
Fig. 2). The insert also shows that no separation occurs 
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Fig. 2 Dependency of the effective molar mass of mixed N,N- 
dimethyllaurylamine A^-oxide {LDAO)jC\^^ micelles on the relative 
LDAO content. Insert. Typical A{r) profile (at 357 nm) under the 
condition of density matching. Total detergent concentration: 0.2% 
(w/v); rotor speed: 40 000 rpm 

into LDAO-rich and LDAO-poor micelles (otherwise, 
the A values would increase both towards the meniscus 
and the bottom). For total detergent concentrations, cjt, 
below 0.3% (w/v), the density of the mixed micelles was 
found to increase upon dilution, probably due to the 
different critical micelle concentrations of the two 
detergents [20]; for example, for Cdt = 0.3% or 0.5% 
(w/v), 40% (w/w) LDAO was required for density 
matching, and for Cdt = 0.1% (w/v) approximately 45% 
(w/w) LDAO was required. 

Two effects could influence the results described; 

1. The formation of a density gradient due to the 
additives (especially sucrose). 

2. The dependency of micelle density on hydrostatic 
pressure. 

Both effects are more pronounced at higher rotor speeds, 
and under adverse conditions they could make true 
density matching impossible. However, in our experi- 
ments the effects (presumably mainly 1) were visible only 
in the presence of sucrose (6 or 10%) at a rotor speed of 
40 000 rpm (under these conditions, the solution density 
increases between the meniscus and the bottom of a 
sector in a six-channel centrepiece by approximately 
1.4%, and the pressure at the bottom reaches 40- 
45 atm). They are far below the limit of detection at 
rotor speeds below 20 000 rpm, as used in sedimentation 
equilibrium experiments on membrane proteins. 



Sucrose and glycerol addition lead to an increase in 
the viscosity of the solvents. This in turn will increase the 
time required to reach sedimentation equilibrium, which 
counteracts the stabilizing effects of the two additives on 
the conformation of labile proteins. Under the condi- 
tions of density matching, the relative increase in the 
kinematic viscosity of the solution at 4 °C, as compared 
to water, was 86% for rTX- 100/glycerol, 44% for C12E9/ 
glycerol, 36% for rTX-lOO/sucrose and 22% for C12E9/ 
sucrose. 



Application to cytochrome c oxidase 

The intrinsic membrane protein used in our sedimenta- 
tion equilibrium experiments, cytochrome c oxidase 
from P. denitrificans, is a uniform protein/pigment 
complex (molar mass 128 500 Da; amino acid compo- 
sition see Refs. [21, 22]) under all experimental condi- 
tions applied by us. Its v value, calculated from the 
known amino acid and pigment composition according 
to the method of Cohn and Edsall [23, 24] and from 
additional data applicable to the pigment [25], is 

0. 753. ml/g at 25 °C and 0.732-0.748 ml/g at 4 °C, 
correcting for temperature according to Ref. [24]. Test- 
ing the usefulness of the different approaches of density 
matching described above, we asked the following 
questions; 

1. Can the experimental A{r) data obtained be fitted by 
a single exponential describing the equilibrium sedi- 
mentation distribution of a uniform protein particle 
showing ideal sedimentation behaviour? 

2. Assuming these protein particles represent monomeric 
cytochrome c oxidase, does the calculated v corres- 
pond to the value calculated by the Cohn-Edsall 
method and/or determined in H2O/D2O mixtures? 

We considered a positive answer to both questions as 
obligatory for the applicability of the method studied. 
Fitting the data according to question 1 showed that the 
sample molecules behaved as ideally sedimenting uni- 
form particles in all density matching variants tested. 
This is shown, for the system requiring the highest 
additive concentration of all experiments and for the 
one with the detergent “blend”, in Fig. 3. The effective 
molar masses determined from the fits, the solvent 
densities, and the v values calculated from these data 
(applying the known monomer molar mass) are shown 
in Table 1. It is obvious that a close agreement exists 
between the different v values, all figures determined 
being in the range (0.770 ± 0.005) ml/g (the uncertainty 
of the individual figures is between ±1.0 and ±1.5% 
off). In contrast, all v values in Table 1 are slightly but 
significantly higher than the one calculated by the 
Cohn-Edsall method, approximately 0.740 ml/g (see 
above); however, this is also true for v determined by 
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Fig. 3A,B Top: Experimental sedimentation equilibrium data A(r) for 
cytochrome c oxidase in A glycerol/rTX-100 and B LDAO/C 12 E 9 (o) 
under the conditions of density matching, and curves fitted to the data 
assuming the presence of uniform macromolecules showing ideal 

sedimentation behaviour ( ). Bottom: Residuals of the fits (x). 

(Total) detergent concentration: 0.3% (w/v); rotor speed: 12 000 rpm 



density matching by H 2 O/D 2 O. Apart from that, the 
reputation of the Cohn-Edsall method is based almost 
exclusively on its success with water-soluble proteins, 
but not with intrinsic membrane proteins in detergent 
solutions. We therefore consider our experimental 
figures the more reliable ones. It should be noted that 
V values for two other pigment-containing intrinsic 



Table 1 Solvent density, p, and measured effective molar mass, 
Meff, and resulting partial specific volume, v, of cytochrome c 
oxidase, determined in solvents of different composition under 
conditions of density matching; (total) detergent concentration: 
0.3% (w/v) 



Additive/detergent 


P [g/ml] 


Meff [kDa] 


V [ml/g] 


D 2 O/C 12 E 9 


1.050 


26.1 


0.766 


Sucrose/Ci 2 E 9 


1.028 


27.3 


0.766 


Glycerol/CnE^ 


1.033 


26.8 


0.766 


Sucrose/rTX-100 


1.043 


24.6 


0.775 


Glycerol/rTX-100 


1.054 


24.3 


0.769 


Detergent/detergent 








LDAO/CizE, 


1.003 


28.9 


0.773 



V (D 2 O/C 12 E 9 ) is corrected for H/D exchange according to Ref. [28] 



membrane proteins determined by our group [18, 26] 
are very close to those in Table 1. 



Discussion 

In this paper, we have explored the potential of sucrose 
and glycerol as alternatives to D 2 O in “density match- 
ing”, i.e. in blanking out the contributions of protein- 
bound detergent and of free detergent micelles to the 
concentration-versus-radius profiles in sedimentation 
equilibrium studies on intrinsic membrane proteins. 
It was shown that for cytochrome c oxidase and two 
commonly used detergents, C 12 E 9 and rTX-100, the 
results obtained are virtually identical to those found 
with density matching by addition of D 2 O. In particular, 
there was no indication for additive-induced nonideal 
sedimentation behaviour of the protein, nor could we 
find distinct additive-induced changes in its v value.' 
What we found, however, was a distinct additive-induced 
increase in apparent micelle v, which was larger in 
sucrose than in glycerol. When using these additives for 
density matching, this behaviour is advantageous since it 
reduces the necessary additive concentration. The addi- 
tive-induced increase in micelle v also allows the range of 
detergent densities which can be matched to be extended 
to higher values. This seemed of particular interest with 
respect to DDM, a powerful but still mild detergent. 
However, the additive concentrations required for 
matching the DDM density were found to be very high; 
39% (w/v) for sucrose and 76% (v/v) for glycerol. This 
leads to a distinct density gradient (in the case of sucrose) 
and to solvent viscosities which drastically increase the 
time required to reach sedimentation equilibrium. In 
addition, it seems highly questionable whether proteins 
still show ideal sedimentation behaviour at the high 



' An analogous observation was made in the past with several 
water-soluble proteins [12, 27]. 
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additive concentrations required, and whether appropri- 
ately corrected v values can be obtained. In our opinion, 
it is preferable to exchange DDM (by ion-exchange 
chromatography) against another mild detergent, the 
density of which can be matched easily, as described in 
this study. 

An alternative to density matching using high 
additive concentrations is to perform a series of 
sedimentation equilibrium experiments at different sol- 
vent densities and to extrapolate the results to the 
matching density of the detergent [2, 3]. With H 2 O/D 2 O 
mixtures, this procedure works well even for proteins 
in DDM [18, 26], but even this system seems to be 
applicable to homogeneous samples only. 

Using detergent mixtures and adjusting the density of 
the mixed micelles to that of the solvent seems to be an 
interesting alternative to classical density matching [2, 
3]. The principle of this procedure was hrst suggested by 
Ludwig et al. [11]. Their detergent of fixed composition, 
however, turned out to be not applicable to most 
membrane proteins. On the other hand, the procedure 
suggested here not only uses detergents which have been 



successfully applied to a large number of membrane 
proteins but is also very versatile; at least for the high- 
density component of the mixture, a large number of 
other detergents can be selected, for example, poly(eth- 
ylene glycol) derivatives with longer fatty acid chains, 
Triton X-100 or even DDM. Thus, the properties of the 
detergent mixture, with respect to both solubilizing 
power and lack of influence on protein conformation, 
could be “tailored” so as to obtain an acceptable 
compromise between the high solubilizing power of 
LDAO and the “mildness” of the polyether detergents. 
It should, however, be noted that the composition of the 
protein-bound detergent may differ from fhat of the 
starting material. This would lead to incomplete match- 
ing of the bound detergent and thus to an error in the 
molar mass determination of the protein component. On 
the other hand, a mismatch by ±0.02 g/ml, at 0.5 g 
detergent bound per gram of protein, would influence 
the apparent protein mass by only approximately ±4%. 
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Abstract Nitrogenase {Azotobacter 
vinelandii) is a high-molecular-mass 
enzyme complex responsible for the 
fixation and metabolization of ni- 
trogen. The complex consists of two 
different moieties, a larger MoFe 
protein (240 kDa) and a smaller Fe 
protein (60 kDa). The stoichiometry 
and affinity of both components 
were studied in solution by sedi- 
mentation equilibrium in an XL-A 
analytical ultracentrifuge. Because 
both components are highly sensitive 
to oxygen, the experiments were 



carried out in an argon atmosphere. 
Data analysis performed using the 
program Polymole yielded a 2;1 
stoichiometry of Fe protein to MoFe 
protein. Assuming two independent 
binding sites on the MoFe protein, 
the association constant for the 
first Fe protein bound was 
(1.99 ± 0.48) X 10’ M“^ 

Key words Nitrogenase • 
Sedimentation equilibrium • 
Complex formation • Association 
constants • Argon 



Introduction 

The methods of analytical ultracentrifugation have 
experienced a remarkable renaissance in recent years 
with the introduction of the Beckman XL-A ultracen- 
trifuge [1, 2]. This applies to sedimentation velocity as 
well as to the sedimentation equilibrium techniques 
that are widely used to determine the size and shape of 
macromolecules or to study homologous or heterolo- 
gous associations with respect to the affinity and 
stoichiometry of interacting systems. This field is of 
inferesf in undersfanding regulafory principles of 
biological macromolecules. Significanf mefhodical 
knowledge is required fo analyze macromolecules 
under aerobic condifions; however, there are also 
substances of importance that are stable only under 
anaerobic conditions, and experiments to characterize 
such compounds require somewhat more effort than 
usual. 

Our experience with the nitrogenase complex is 
presented in this communication. It is an important. 



large enzyme responsible for biological nitrogen fixation 
and is composed of Fe protein and MoFe protein 
components [3]. Both metalloproteins are extremely 
oxygen-sensitive. The Fe protein is a homodimer of 
about 64 kDa. Each subunit contains a 4Fe:4S cluster 
and can bind one MgADP or MgATP. The MoFe 
protein is a heterotetramer (oczPi) of about 240 kDa with 
two different metallocenters. Whereas the so-called P 
clusters (8Fe:7S) are located between a and p chains, the 
MoFe cofactors (lMo:7Fe;9S:lhomocitrate) are found 
only in the a subunits where the substrate reduction 
takes place. The P clusters are involved in the electron 
transfer between the Fe protein and the MoFe protein. 
The complex of both proteins is essential for the fixation 
and metabolism of nitrogen. It is important to know 
whether, in solution, the MoFe protein binds one or two 
Fe protein dimers. Sedimentation equilibrium experi- 
ments were carried out in order to answer this question. 
The experiments were performed in an argon atmo- 
sphere in order to avoid inactivation of the nitrogenase 
by oxygen. 
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Materials and methods 



The nitrogenase (Azotobacter vinelandii), a mixture of two parts of 
the Fe protein and one part of the MoFe component, was kindly 
provided by Flermann Schindelin (Cal-Tech). The sample and 
buffer were stored under argon. In order to study the complex 
formation between both molecules, sedimentation equilibrium 
experiments were carried out using an XL-A analytical ultracen- 
trifuge (Beckman, Palo Alto, USA). The double-sector cells used 
for these experiments were assembled as usual and put on the 
bottom of a glove box containing argon. After extended gas 
exchange through the holes of the centerpiece, the cells were closed 
by plugs. About 70 fi\ of the protein samples and bulfer was 
injected into the cells using a syringe needle piercing the plugs. 
Afterwards, the cells were closed with gaskets and screws as usual. 
Sedimentation equilibrium was reached after a 2 h overspeed at 
10000 rpm followed by an equilibrium speed of 8000 rpm for 30 h. 
Concentration distribution curves were recorded at 390, 400 and 
410 nm using the millimolar absorbance coefficients 112.6, 100.1 
and 91.08 for the MoFe protein and 12.61, 10.86 and 9.71 for the 
Fe protein, respectively, for the 12-mm optical path length. We 
used our computer program Polymole [4] for the analysis of 
complex formation and stoichiometry. This fits the concentration 
distribution curves which can be described as radial absorbance 
with the indices A for receptor molecule (MoFe protein) and L for 
ligand molecule (Fe protein) by Eq. (1): 



AbSr - EACOA cxp(FaMaG) + f;LC0 L cxp(MlG) 



+ X 



E 

y=i 



nJ 




X (8A +j£h) X (coL kiY 



X exp[(pAMA +jMi^)G] 



( 1 ) 



with 



G = 



(1 - pv)0J^ 2 

2RT ^ 
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Here the sum of the free reactants (first two terms) together with 
the terms representing the complexes are given. Sa and 8 l are the 
extinction coefficients of the respective reactants and A takes into 
account the deviation in buoyancy between A and L. In Eq. (2) 
p denotes the density of the solvent, v the partial specific volume of 
the Ee protein, co the angular velocity, R the gas constant and T the 
absolute temperature. To reduce the number of estimated param- 
eters in Eq. (1), we fixed the molecular masses of the reactants 
A and L at 232.4 kDa and 63.48 kDa. Furthermore, the initial 
concentrations of the reactants, ca and cl, as total concentrations 
can be analyzed by integration of the areas below the concentration 
distribution curve (Eq. 1). The total concentration of A is given by 



= , 2 '^°^ 2 \ / exp(FAMAG)r dr 
('b - '•m) 




X (COL^I y X exp[(FAMA -f jMi) G]r dr . (3) 



The total concentration of L is given by 

CLt = ! . [ exp(MiG)r dr 

Vb Gn) -Jrm 




X (coL ki)'x exp[(pAMA +JML)G]rdr . (4) 



The partial specific volume used for the Fe protein has a value of 
0.739 ml/g and its ratio to the MoFe protein (factor Fa in Eq. 1) 
was calculated to be 0.9906. 



Results and discussion 

Concentration distribution curves obtained under equi- 
librium conditions are shown in Fig. 1. By performing 
global fitting using data from three different wave 
lengths the results obtained are subject to more rigorous 
constraints. When determining only the molecular mass 
of this mixture an average value of 318 kDa was 
obtained indicating a complex of somewhat higher than 
1;1 stoichiometry. However, in solutions of micromolar 
concentrations, complexes of moderate affinity contain a 
significant amount of free reactants. Because their size 
is clearly smaller compared to that of the complex, one 
has to expect a smaller average molecular mass for the 
mixture containing both complex and reactants. There- 
fore, we have fitted the concentration distribution curves 
using different compositions of the complex. As previ- 
ously mentioned a 1:1 stoichiometry can be excluded. 
The best data fit was obtained assuming a binding of 
two Fe protein molecules to one MoFe protein mole- 
cule. Assuming two different binding sites on the MoFe 
protein, we can calculate the association constants using 
the statistical binding model. The affinity for the binding 
of the first Fe protein was determined to be (1.99 ± 
0.48) X 10^ M^'. For the second Fe protein we have to 
assume an affinity that amounts to a quarter of the value 




Nitro d:\C31-C40\C31\C31-10_l.R03 2x 

Fig. 1 Radial absorbance scans at 390 nm (O), 400 nm (•) and 
410 nm (□) from a mixture containing 0.98 pM MoEe protein and 
1.96 pM Ee protein in 0.1 M cacodylate buffer pH 6.5 at 20 °C. The 
solid curves represent the best simultaneous fit of the 1 :2 association (7), 
and a 1:1 association complex (2) of the MoFe protein/Fe protein 
system as well as the free reactants MoFe protein (J) and Fe protein (4) 
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derived for the first. These values are reflected in the 
optimum fit of the curves presented in Fig. f . 

Recently, the complex formation between the MoFe 
protein and the Fe protein in crystals has been analyzed 
by other techniques [5]. From the X-ray diffraction data, 
a 2:1 complex was determined as was demonstrated here 
for the behavior in solution. By means of sedimentation 
equilibrium, using our program Polymole, we are able to 
determine not only the stoichiometry of complex forma- 
tion but also the affinity of reactants for dissolved 



components. The data presented here demonstrate the 
possibility of determining the affinities of reactants that 
are extremely sensitive to oxygen. Thus, special precau- 
tions are required in order to carry out such experiments. 
The curve-fitting analysis has demonstrated that these 
very sensitive components of nitrogenase are stable over a 
long time period when working in an argon atmosphere. 

Acknowledgement The authors are grateful to Hermann Schin- 
delin, Cal-Tech, for providing the nitrogenase. 
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Abstract A combined approach 
using sedimentation velocity in the 
Beckman Optima XL-I ultracentri- 
fuge together with high performance 
size exclusion chromatography cou- 
pled to multiangle laser light scat- 
tering (SEC-MALLS) was used to 
assess the molecular structure of rice 
amylose from three different rice 
starches without pre-separation by 
preparative means. The amylose 
content of the rice starches was 
analysed by the iodo-colorimetric 
method. We found for the three 
species of amylose starch studied 
{Thaibonnet, Cypress and Dixiebell): 
(1) the weight average molecular 
weights, (from SEC-MALLS) 
for the amyloses were similar (4.9, 
4.8, 5.1 X 10^ g/mol); (2) the sedi- 
mentation coefficients, ■520.W (from 
apparent distribution of sedimenta- 
tion coefficient analysis) were also 



similar (5.7, 5.3, 7.1 S), despite the 
fact that the amylose content 
(relative to amylopectin) for the 
three rice starches was quite 
different. The study also shows that 
attempts to obtain molecular weight 
by sedimentation velocity (s-D and 
s-ks) on the unseparated materials 
are not useful; SEC-MALLs is the 
method of choice for these 
substances. For heterogeneous ma- 
terials where preparative separation 
is not possible, the utility of using 
SEC-MALLs to characterize com- 
ponent molecular weights and ve- 
locity sedimentation to characterize 
sedimentation coefficients is thus 
indicated. 

Key words Rice amylose • Sedi- 
mentation velocity • Size exclusion 
chromatography-multiangle laser 
light scattering 



Introduction 

Rice starch, as other starches, is composed of two 
polymeric forms of the same glucose monosaccharide 
unit - amylose and amylopectin - although structurally 
these forms are quite different. Amylose contains linear 
a(l^) linked chains (with some slight branching) 
whereas amylopectin has extensive a(l-6) linked branch- 
ing of much higher molecular weight, 0.45-2.5 x 10^ Da 
for amylose and 60-110 x 10^ Da for amylopectin [1]. 
Despite many attempts, and the desire to study the 
molecular properties of each component, effective sep- 
aration has proved extremely difficult [2]. Banks and 



Greenwood [3] dissolved starch in dimethyl sulfoxide 
(DMSO) and precipitated with butanol and the compo- 
nent taken to be amylose was then separated; this 
method had been used by many workers [4-7]. Con- 
canavalin A has also been used as precipitant for 
amylopectin [7]. However, these methods are very 
susceptible to contamination by intermediates and also 
anomalous amylose [8]. Strategies that can be developed 
which can analyse the molecular properties of either 
component without relying on preparative separation 
would therefore appear to be of considerable value. 

Relatively recently, high performance size exclusion 
chromatography (SEC) has been employed on whole. 
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unfractionated starch that has been debranched with 
isoamylase enzyme [9], as a means for determining the 
molecular weight distribution of amyloses and as a 
means for investigating the fine structure of amylopec- 
tin. With amylopectin this approach appears to work 
only with debranched material [10]. However, amylose is 
a different proposition and it is possible to (1) analyt- 
ically separate the amylose from amylopectin and 
(2) characterise the molecular weight of the amylose 
component, providing the SEC is coupled on-line to 
multi-angle laser light scattering (SEC-MALLS [11]). 
Recent advances in velocity sedimentation analysis, in 
terms of distribution of sedimentation coefficient anal- 
ysis, has meant that ultracentrifugation can provide an 
additional and independent route for studying the 
molecular properties of the amylose component of 
starch, and, just as with SEC-MALLS, without the 
requirement for preparative separation. Such develop- 
ments have taken advantage of the ability to capture 
large amounts of data from the refractometric (Rayleigh 
interferometric) optical records from the ultracentrifuge 
directly via a digital camera into a PC. 



Material and methods 

Rice starch 

Rice starches were isolated by a modified alkaline extraction 
method [12]. With this method, rice grains (three varieties, 
Thaihonnet, Cypress and Dixiehelle) were soaked in six times their 
weight of 0.2% NaOH (w/v) for 12 h. After draining off the 
supernatant, the soaked grains were blended at low speed for 
min. The blended sample was passed through a muslin cloth 
and then centrifuged at 2000 rpm for 15 min. The supernatant was 
drained and the yellowish upper part of the sediment was scraped 
off slightly. The sediment was continually centrifuged and re- 
separated with fresh NaOH solution until a clear supernatant was 
obtained or a negative response in the Biuret test was observed. An 
excess of distilled water was added to the purified starch and 
hydrochloric acid (1 M) was used to neutralise the alkaline. The 
starch slurry was passed through a sintered funnel (size 3) and then 
dried at room temperature. This material was then defatted by the 
soxhlet extraction method for 18 h using methanol (85% v/v) as the 
solvent. The starch was then dried in air. 



Amylose content measurement by iodo-colorimetry 

The procedure followed was based on the International Standard 
ISO 6647 method [13] for amylose determination of rice flour 
(approx. 90% starch). Defatted rice starch samples (100 mg) were 
dispersed with 1 ml of ethyl alcohol and suspended in 9 ml of 1 M 
NaOH solution. The suspensions were heated for 30 min at 95 °C 
and then left overnight. The solution was diluted to 100 ml and a 
5 ml aliquot was pipetted into a 50 ml volumetric flask with 25 ml 
of distilled water, 0.5 ml of 1 M acetic acid together with 1 ml of 
iodine solution (0.2% iodine in 2% potassium iodide) were added 
and the volume was diluted to 50 ml with distilled water. The 
solution was well mixed before leaving for ^^20 min for the colour 
to develop in a dark room. The optical absorbance was recorded at 
620 nm in a spectrophotometer (Ultraspec 4050, LKM Biochrom 
Croydon, UK). A sample blank was prepared for the reference cell 



simultaneously. Each measurement was performed in triplicate and 
the mean value calculated. 

Standard curve 

For calibration purposes (amylose/amylopectin ratio), pure potato 
amylose and pure corn amylopectin (ICN Biomedicals, USA) 
solutions (1 mg/ml) were prepared in a similar manner to those 
from the rice starch samples. The potato amylose and amylopectin 
solutions were mixed together in a proportion of amylose (by 
volume) ranging from 0 to 40%. Aliquots (5 ml) of the mixtures 
were reacted with iodine solution and the absorbance was read in 
the same manner as the sample. The standard curve was then 
plotted as absorbance at a wavelength of 620 nm against amylose 
content. 

Sedimentation velocity 
Sample preparation 

Sedimentation velocity ultracentrifugation work was performed on 
an Optima XL-I Analytical Ultracentrifuge (Beckman, Palo Alto, 
USA) equipped with scanning interference optics [14]. A suspen- 
sion of the purified and defatted rice starch in 90% DMSO (Sigma, 
Poole, UK) was heated at 95 °C for 15 min and allowed to cool to 
ambient temperature and then stirred at for 24 h under a nitrogen 
atmosphere. The starch solution was passed through a sintered 
glass funnel (no. 3) and subsequently diluted for the analyses. 
Amylose concentrations were then obtained from total starch 
concentrations using the amylose/amylopectin ratio. 

Ultracentrifugation 

The solution (400 //I, 3-8 mg/ml) and the solvent (90% DMSO) 
were injected into the sample and solvent channels, respectively, of 
12-mm optical pathlength ultracentrifuge cells before loading into a 
4-hole titanium rotor. The samples were run on the XL-I at 
50 000 rpm at 25.0 °C. The Rayleigh interference optical system 
was used to scan the movement of the sedimenting boundaries at 
5 min intervals. Standard Fourier transform software converted 
the fringe profiles into plots of fringe displacement, / (relative to 
the meniscus), versus radial position, r [14]. The sedimentation 
coefficient was calculated by using the XL-I software [sedimenta- 
tion time derivative g(.v*) analysis], calculating the apparent 
distribution g*{s*) [written for convenience as just gji'*)] of the 
apparent sedimentation coefficients s* from the time derivative, 
(0c/9t)i, of the concentration profile in the cell [15]. The analysis 
procedure was essentially as described in Stafford [15] and the 
instrument manual of the Optima XL-I ultracentrifuge [16]. The 
apparent sedimentation coefficient, s*, of a boundary for each 
loading concentration of amylose, c (obtained from the total 
loading concentration adjusted by the amylose/amylopectin ratio), 
was obtained from the peak of the g(s'*) profile (fitted to a 
Gaussian) and then converted to standard conditions of viscosity 
and density of water at 20.0 °C, S 2 o,w [H]. The partial specific 
volume, V of amylose and amylopectin required for this correction 
were 0.643 ml/g [18]. The corrected X 2 o,w values were then plotted 
against concentration. By extrapolation to zero concentration, the 
sedimentation coefficient at infinite concentration (.sjow) 
obtained. According to Gralen [19]: 

■tZO.w — ‘^20,w(^ ~ ^sC) (1) 

where is the sedimentation coefficient at infinite dilution (in 
Svedbergs, S = 1 x 10“'^ s) and fcj (ml/g), from the limiting slope 
at c = 0, is the “Gralen” parameter. An alternative representation 
has been given in the case of more severe forms of concentration 
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dependence: (l/.?2o,w) = (l/'S 20 w)(^ ^^sc)- However, in such cases, 
non-linear extrapolation of i 2 o,w to c = 0 still usually gives a better 
estimate for i^ow- 



SEC-MALLS method 
Sample preparation 

The procedure essentially followed that described in [9], It dilfers 
from that used for the DMSO-based procedure followed for 
sedimentation velocity essentially because the SEC columns 
available to us were not suited to DMSO. To solubilise in a purely 
aqueous solvent, the amylopectin component had to be debranched 
instead, following the method described in [20], Ethanol (1 ml) and 
1 M NaOH (10 ml) were added to the purified, defatted rice starch 
(100 mg). The suspension was left at room temperature for 24 h 
and then heated in boiling water for 15 min. After cooling, the 
solution was neutralized with 1 M HCl. Then 1 ml of sodium 
acetate (30 mM, pH 3.5) and 20 jA of isoamylase were added and 
mixed. The sample solution (2 ml) was added, well mixed and then 
incubated at 40 °C for 24 h. Enzyme activity was terminated by 
boiling in a water bath for 5-10 min. The column eluent was a pH 
8.6 buffer containing Na 2 HP 04 (0.1 M), NaH 2 P 04 (0.05 M) and 
NaN 3 (0.02%) and was filtered under vacuum through a 0.2-^m 
nylon membrane filter (Gelman Sciences, 47 mm) in a glass 
Millipore solvent filtration system. 

The debranched sample was filtered through a 0.45 pm syringe 
filter (Whatman, 13 mm, PVDF) and injected into the sample loop 
via a Rheodyne injection valve (Rheodyne 7125) fixed on the 
column oven (Anachem, Luton, UK). The sample with eluent was 
then pumped (Waters 590 HPLC pump) into a guard column (TSK 
GEL PWXL: 6 x 40 mm) followed by five analytical columns 
(TSK GEL G3000 PWXL, Asahipak GS-320H (2x), TSK G2500 
PWXL and G-Oligo PWXL) connected in that order, in the 
column oven at 30.0 °C. The eluate was analysed in a Dawn F 
multi-angle laser photometer (Wyatt Technology, Santa Barbara, 
USA) [11], linked with a He-Ne laser operating at 632 nm and 
equipped with 18 detectors at angles ranging from 22 to 160°, and 
subsequently (on-line) by a refractive index concentration detector 
(Wyatt Optilab) and a refractive index increment, dn/de = 
0.152 ml/g [21]. The responses from the detectors were transmitted 
to a personal computer, and the light-scattering and the RI 
chromatograms were displayed on the screen during fractionation. 
The column eluent (phosphate buffer, pH 8.6) was degassed with 
an on-line degasser (Degasys, DG1200, uniflow from HPLC 
Technology, UK). The pump flow rate was set at 0.5 ml/min. 



Data analysis 

The absolute weight average molecular weight, M„, of amylose was 
extracted from Zimm-Debye plots [22]: 

Ro/K*c = MwP(f))(l - 1A2cM^P{0)) (2) 

where R is the excess Rayleigh ratio or excess scattering of the 
polymer in solution when compared to that of the solvent in 
solution at a scattering angle of 0; K* is the optical constant = 
Ann\(dnjdcf'XQ‘^Nj^ , where «o is the refractive index of the solvent 
at the incident radiation (vacuum) wavelength, 2o (cm), Aa is 
Avogadro’s number (6.02 x 10^^ moU') and e is the concentration 
(g/ml); A 2 is the second thermodynamic virial coefficient (because 
of the low concentrations used this was assumed to be ~0), and 
P(6), the scattering function, is the theoretically derived form 
factor, approximately equal to 

l-2/r^(r2)/3! + ... (3) 



where p = (47i//l)sin(0/2), and (r^) is the mean square radius of 
gyration Rg (cm). values were extracted using ASTRA analysis 
software (Wyatt Technology, Santa Barbara, USA); this software 
also estimates the number average molecular weight, [11]. 
Corresponding degrees of polymerization (weight average 
= M„/162 and number average DP^ = MJ162) were ob- 
tained. 



Results 

Amylose/amylopectin ratio 

The iodo-colorimetric method showed a clear difference 
in the relative amylose content for the three rice starches. 
Further studies were then performed to determine if this 
difference is matched by a difference in physical 
properties. 



Sedimentation behaviour of rice starch components 

Figure la shows the progress of the sedimenting boun- 
dary for rice starch (in 90% DMSO) from Dixiebell at a 
total starch loading concentration of 8 mg/ml. The rapid 
sedimentation of the amylopectin component (moving 
to the base within 20 min of starting) can be clearly seen 
(first scan). The single amylose boundary follows, which 
is fairly homogeneous. From analysis of the change in 
the concentration distribution with time, the corre- 
sponding g(^*) versus s* plots could be generated 
(Fig. Ib-d) for the amylose. 



Sedimentation coefficients 

After correction of the sedimentation coefficient to the 
standard solvent conditions, a plot of ^ 20 ,w against 
amylose concentration could then be constructed, and 
Fig. 2 shows the characteristic drop in S 2 o,w with increase 
in c, caused by non-ideality effects for all three samples: 
Thaibonnet (Fig. 2a), Cypress (Fig. 2b) and Dixiebell 
(Fig. 2c). The corresponding “infinite dilution” (^^ow) 
values are 5.7 ± 0.3, 5.3 ± 0.3 and 7.1 ± 0.2 S. The 
same results were obtained from reciprocal plots of 
(l/^2o,w) versus c. These results are also within the range 
of 4-14 S reported for amylose from rice starches [23]. 



Molecular weights from SEC-MALLS analysis 

SEC elution profiles for the three rice starches (after 
debranching of the amylopectin) are shown in Fig. 3, 
and show that the amylose component is essentially 
homogeneous, consistent with the g(j*) profiles. Two 
further peaks in the refractive index profile at ^32 and 
36 ml correspond to debranched amylopectin, but are 
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Fig. 1 a Fringe displacements, j{r), relative to the meniscus of rice 
starch components from Dixiehell as a function of radial position, r. 
Optima XL-1 ultracentrifuge used at 25.0 °C and 50 000 rpm rotor 
speed; scan interval: 20 min; solvent: 90% DMSO, 10% water; loading 
amylose concentration = 2.68 mg/ml. b Corresponding g(s*) versus 
■S'* plot, c g(s*) versus s* plot for Thaihonnet amylose (loading amylose 
concentration = 1.73 mg/ml), d g(.s*) versus .s* plot for Cypress 
amylose (loading amylose concentration = 1.38 mg/ml) 

too small to show a light scattering signal and hence 
cannot be analysed. 

Corresponding weight average molecular weights for 
the amylose component eluting at ^25 ml show clear 
light-scattering signals and can be analysed. A compar- 
ison of the results for the three rice starches is given 
in Table 1, and, as with the sedimentation coefficients, 
show the amyloses to be very similar also in this regard; 
4.8, 4.9 and 5.1 x 10^ g/mol respectively for Thaibonnet, 
Cypress and Dixiebell. It should be stressed that these 
molecular weights correspond to debranched material. 
Although debranching primarily affects the amylopectin, 
it may also have some small effect on the amyloses, 
so the values in Table 1 could be underestimates. The 
Wyatt ASTRA software also yields estimates for the 
number average molecular weight (from the form of 




(b) s- (S) 




the molecular weight versus elution volume distribu- 
tion); these too are very similar for the three amyloses; 
corresponding “polydispersity indices” (i.e. are 

therefore also very similar and quite high at ^1.4. 

Further attempts to obtain molecular weights from 
manipulations of the sedimentation velocity data were 
then performed as follows. 

1. s-D method. From the boundary spreading with 
time through diffusion it is possible also to estimate (in 
addition to the sedimentation coefficient) the transla- 
tional diffusion coefficient (further, from combination of 
j and Z), M can then be obtained [17]); for monodisperse 
systems such as proteins this can be done successfully 
and commercial packages such as DCDT [15] or 
SVEDBERG [24] are very useful. However, for poly- 
disperse systems - the hallmark of amylose and other 
polysaccharides - the values returned are not reliable, 
and this was confirmed for our materials with widely 
ranging estimates for different loading concentrations. 

2. s-kg method. It is also possible in principle to 
estimate M from a combination of 5 with the Gralen 
coefficient, [25]. Again this appears to work well with 
proteins, but for polysaccharides the limitation is that an 
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Fig. 2 Plot of S 2 o,w against amylose concentration for a Thaihonnet, 
b Cypress and c Dixiehetl. Amylose concentrations estimated from total 
loading concentrations adjusted by the amylose/amylopectin ratio 

estimate for the “swollen specific volume”, Vs (volume of 
the macromolecule swollen through solvation per unit 
anhydrous mass) is required. Whereas a value of ^1 ml/ 






Fig. 3 SEC elution profiles from the concentration detector (refrac- 
tive index detector) {the lower peak) and 90° light scattering profiles 
{the higher peak) (for clarity only this angle is shown) for a Thaihonnet, 
b Cypress and c Dixiehell rice starches (after debranching) in pFI 8.6, 
/ = 0.1 phosphate buffer. Consistent with the g*(.s) plots (Fig. 2), 
single peaks were seen for the amylose component 

g often suffices for proteins, it is impossible to pin down 
with any precison for polysaccharides; changes in Vj 
from 1 to 50 yield enormous changes in the estimated M 
(for the amyloses, from 7000 to 4.5 x 10^). 

So, although methods (1) and (2) are also not 
requiring preparative separation of the amylose, the 
SEC-MALLS procedure seems the only realistic proce- 
dure at present for molecular weight analysis. 



Lrictional ratio ///o 

The conformation/molecular hydration parameter ///o, 
the translational frictional ratio (ratio of the frictional 
coefficient of the amylose to the frictional coefficient of a 
spherical particle of the same anhydrous mass), can also 
be obtained by combining with the molecular 

weight (see, for example [26]): 

///o = M(1 - rpo)/([(A^A67r;)o4.w)(4^^^A/3M)'/'] (4) 
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Table 1 Physicochemical para- 
meters for amyloses rice star- 
ches (Thaibonnet, Cypress and 
Dixiebell) from SEC-MALLS 



Properties 


Thaibonnet 


Cypress 


Dixiebell 


Amylose content (% d.w.b)“ 


20.6 ± 0.3 


19.8 ± 0.7 


33.5 ± 0.4 


■S20.W (s) 


5.7 ± 0.3 


5.3 ± 0.3 


7.1 ± 0.2 


X 10 (g/mol) 


4.9 ± 0.3 


4.8 ± 0.2 


5.1 ± 0.3 


DP„ 


3000 


2900 


3100 


Mn X 10 ^ (g/mol) 


3.8 ± 0.2 


3.5 ± 0.3 


3.7 ± 0.2 


DPn 


2300 


2200 


2300 


flh 


5.3 


5.6 


4.4 


Polydispersity index 


1.3 


1.4 


1.4 



“d.w.b.: dry weight basis 



with N\ Avogadro’s number and po and t/o the density 
and viscosity of the solvent (which will be water at 
20.0 °C since the j' 2 o,w value has been corrected to this); 
again, similarly high values (^5) are obtained for the 
three rice starches. Unfortunately, it is not possible to 
unequivocally comment on the conformation or hydra- 
tion based on this ratio alone: it will be a function of 
both, as manifested by the Perrin relation: 

///o=i^(vs/f)‘^' (5) 

with P the shape parameter and Vj the swollen specific 
volume as noted above. For a spherical particle 
irrespective of its size or hydration, the shape function 
P = 1. To take the extremes: 

1. Spherical domain. P = \, and hence Vj ^ 80 ml/g. 
Although this is huge compared to proteins, it is 
similar to estimates for other polysaccharides and 
heavily glycosylated mucin systems (see, for example 
[27, 28]). 

2. Hydration similar to that of globular proteins. 
Vs ^ 1 ml/g and hence P ^ 4; for a rigid macromol- 
ecule this corresponds to an ellipsoid of revolution of 
axial ratio ^100:1 (see [29]), an unlikely scenario for 
an uncharged single-stranded polysaccharide (even if 
there is significant helical content). 



Conclusions 

The main purpose of this paper is not to give a detailed 
description of the molecular structure of starch poly- 
saccharides but to show how it is possible to extract 



useful structural information on a heterogeneous mac- 
romolecular system where the components cannot be 
easily isolated preparatively prior to analysis; starch is 
an outstanding example of one such system. In that 
regard, starch presents us with an additional problem in 
that the amylopectin component in its intact form is 
poorly soluble in aqueous solvents; for sedimentation 
analysis this is not a problem so long as other (non- 
aqueous) solvents can be used since no separation 
“medium” is required. For SEC-MALLS analysis, 
however, a separation medium (the SEC column mate- 
rial) is required with appropriate assumptions over 
chemical inertness (although columns are indeed avail- 
able where chemical inertness can be at least assumed, in 
this study we have followed the simpler route using an 
aqueous solvent and solubilising the amylopectin by 
debranching). Our structural calculations based on the 
frictional ratio, however, have assumed that the prop- 
erties of amylose in DMSO and aqueous buffer are 
essenfially similar; although this assumption may be 
open to question, we have at least shown how both 
molecular weight and conformation/hydration informa- 
tion can be extracted. 

This combination can be made even more powerful if 
we can add further information from additional hydro- 
dynamic parameters, for example the intrinsic viscosity 
[rj] (possible from viscometers that can be also be 
coupled downstream from the SEC separation system - 
see e.g. [30]). The MALLS can in principle at least also 
provide information [cf. Eq. (4)]. Both [rj] and Rg, 
like ^ 20 *’ provide - when combined together — 
conformational and hydration information without 
ambiguity. 
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Abstract The sedimentation veloci- 
ties of carboxymethyl cellulose mol- 
ecules in different solvents have been 
studied and compared with those of 
other cellulose derivatives to analyze 
a function of the substituent chem- 
ical structure, the degree of substi- 
tution, and the degree of 
polymerization. Complexation and 
charge effects are briefly discussed. 
The degree of coiling and draining of 
the macromolecule chains in dilute 
solution is characterized by the 
Kuhn segment length and the hy- 



drodynamic diameter. The x-spec- 
trum of the macromolecules in the 
range of the solvent-solution sedi- 
mentation boundary is analyzed to 
determine the inhomogeneity of the 
samples. Special attention is paid to 
problematic questions of the con- 
centration effects in the sedimenta- 
tion analysis of the polymers in 
dilute solutions. 

Key words Carboxymethyl cellulose • 
Analytical ultracentrifugation • 
Conformation • Inhomogeneity 



Introduction 

Analytical ultracentrifugation is a well-known method 
with great potential for precise measurements of poly- 
disperse systems of macromolecules. Characteristics 
such as molecular weight, chain dimensions, structural 
parameters, inhomogeneity, and others, may be evalu- 
ated [1]. Many experimental results obtained with this 
physical method during the last 40-50 years in different 
laboratories are available for different polymers, for 
instance, in the Polymer Handbook [2]. 

Macromolecules of cellulose derivatives are very 
difficult to analyze because of their inhomogeneity not 
only with respect to molecular weight but also with 
respect to composition (degree of substitution, DS, and 
regularity in structure). The analysis is further compli- 
cated by the potential of the macromolecules of these 
compounds to self-associate in solution, and their 
polyelectrolyte characteristics. All these properties are 
typical for carboxymethylated cellulose, which was 
widely studied with different methods in water, salt 
water, and cad oxen solutions [3-7]. 

Here, we report the characterization of low-substi- 
tuted carboxymethyl cellulose (CMC) in dilute solutions 



in different solvents. Results are compared with the data 
obtained for some other cellulose derivatives via ana- 
lytical ultracentrifugation during the last few years. 
Special attention is paid to the properties of cellulose 
products with low DS [8, 9] because they may be 
considered as models suitable for the cellulose chain. We 
also discuss some problematic questions of the method 
when applied to the analysis of cellulose and cellulose 
derivatives. 

In many cases satisfactory information can only be 
achieved by combining results from different techniques; 
therefore, diffusion and viscosity measurements were 
also performed. 



Experimental 

Samples and solutions 

All Na-CMC samples were prepared based on linters as cellulose 
starting material. We followed alkalization by carboxymethylation 
with monochloroacetate in a medium composed of sodium 
hydroxide, water, and ethanol or isopropanol [8]. Samples thus 
prepared were purified according to standard procedures prior to 
use. The fractions of the samples were taken as a soluble part after 
cutting CMC soluble in water/ethanol (15/85) as well as CMC 
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insoluble in water/ethanol (80/20) mixtures. The DS was deter- 
mined by elemental analysis and is indicated in the following in 
parentheses. A cadoxen solution (6 wt% Cd, 28 wt% ethylenedi- 
amine, no sodium hydroxide) was prepared as described earlier [10] 
and subsequently denoted as “cadoxen”. Dilute water cadoxen 
(DWC) (10 parts water per 1 part cadoxen, by weight) was used as 
a solvent. The solvent density was 1.0030 g/ml, the viscosity 
1.02 X 10^^ g cm“' s“' and the refractive index 1.3370 at 26 °C. 
The preparation of solutions and experimental details were 
described earlier [11]. Dialysis of CMC solutions was performed 
simultaneously for 7 days against the solvent using a cellophane 
membrane as described in Ref [12]. 



Methods 

Analytical ultracentrifugation was performed in a 3180 analytical 
ultracentrifuge from the Hungarian Optical Works MOM [13] 
equipped with interference optics [14]. The rotor speed was 
50000 rpm with an accuracy of ±20 rpm. The temperature of 
the rotor (26.0 °C) was maintained with an absolute accuracy of 
±0.1 °C and with a constancy of regulation of ±0.05 °C. 
A polyamide single-sector cell with a 12-mm light path and quartz 
windows was used. The base line was determined in a separate 
experiment with solvent alone. 

Free diffusion of the polymer molecules in solution was 
investigated using a gradient method in which a sharp boundary 
was formed between solvent and solution in a Teflon cell [15] with 
h = 2.0-cm light path. A Tsvetkov interferometric diffusometer 
with spar twinning {a = 0.10 cm) and compensator fringes’ 
interval (h = 0.15 cm) was used [16]. 

Viscosity measurements were performed in an Ostwald-type 
viscometer at 26 °C with an average velocity gradient of 360 s“'. 
The kinetic energy correction was negligible. 

All data were evaluated via nonweighted linear regression 
analysis and refined by least squares. 



Results and discussion 

Pycnometry 

The densities of CMC(0.6) (fraction no. 27)/DWC 
solutions of different solute concentrations were deter- 
mined in a pycnometer (54.575 ml at 26 °C) before and 
after dialysis. Results in terms of /9(g/ml)/c (wt%) as 
obtained for both dialyzed (a) and nondialyzed 
(b) solutions of CMC(0.6) are as follows. 

(a) 1.00712/0.99, 1.00643/0.796, 1.00541/0.591, 1.00466/ 
0.390, 1.00373/0.199 

(b) 1.00725/0.99, 1.00645/0.796, 1.00553/0.591, 1.00470/ 
0.390, 1.00378/0.199. 

Figure 1 shows that points a and b form a linear 
dependence of p{c) with slope dp/dc = 0.42 ± 0.02 
(curve 1). No curvature of the p{c) dependence was 
detected; therefore, we can accept the slope, dp/dc, as 
equal to the buoyancy factor, (1 — fpg), with v being the 
partial specific volume of CMC(0.6) in DWC solution. 

For CMC(0.9) results are presented by points 2a and 
2b in Fig. 1. We have 




Fig. 1 Concentration dependence of a dialyzed and b nondialyzed 
solution density for (1) carboxymethyl cellulose (CMC)(0.6) and 
(2) CMC(0.9) in dilute water cadoxen (DWC) at 26 °C. For 
convenience, curve 2 is shifted up to the marked value 

(a) 1.00846/1.10, 1.00640/0.765, 1.00516/0.508, 1.00390/ 
0.245, 1.00335/0.130 

(b) 1.00810/1.10, 1.00490/0.385 

and dp/dc = 0.52 ±0.02. 

It is important to note that for CMC with both 
DS = 0.6 and 0.9, points a in Fig. 1 coincide with 
points b, and dialyzed solutions give the same results as 
non-dialyzed ones. We can conclude that selective 
sorption of the solvent components by macromolecules 
is unnoticeable, and a complexation phenomenon does 
not occur in the CMC-DWC system. 



Velocity sedimentation 

A series of experiments with a freely sedimenting 
boundary between the solvent and the solution was 
performed at several different dilutions (with decreasing 
value of c down to the minimum possible value) and 
under identical experimental conditions (frequency, 
temperature, cell). The contour of the interference 
boundary was symmetrical in form. The first moment 
of the sedimentation curve was therefore used as the 
boundary position, x„, counted from the axis of 
rotation of the rotor. The sedimentation coefficient, 5, 
was determined as usual from the time dependence of 
by ^ (d In x^jdt). Here m is the angular rotor 

rate, m = 2n/60, n is the frequency of the rotor rotation 
(« = 50000 rpm was used), and t is the sedimentation 
time. A typical dependence of In on t as obtained at 
several different dilutions is illustrated in Fig. 2. The 
experimental points fall on a straight line with a slope of 
so?'. Pressure effects did not exceed the experimental 
uncertainty (3%) in the 5 determination and were, 
therefore, ignored. 
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Fig. 2 In versus time for CMC(0.6), fraction 19 in DWC at 26 °C. 
The solute concentrations, c, are 2.05 (1), 1.52 (2), 1.22 (2), 0.89 (4), 
and 0.56 g/1 (5). For convenience, curves 2-5 are shifted up to values 
of 0.024 (2), 0.050 (i, 4), and 0.052 (5) 

Figure 3 shows that the reciprocal sedimentation 
coefficient, I /5 (points) depends linearly on solute 
concentration and that the slope of the plot decreases 
as the intercept increases. The plot was approximated by 
a linear function (solid curves) described by the expres- 
sion \js = (1/5q) (1 +k^c) where = lim ■?c^o and is 
the concentration parameter. Results are listed in 
Table 1. The parameter was approximated by a 
power function of s^. k^ = 0.12 (^o x The 

average value of the relation ^s/[f/] was found to be 
0.90 ±0.09, which is typical for many cellulose sub- 
stances [17]. 

The unanswered question here remains the obvious 
inversion of the ^(c) functions at c > 1.5 g/1. 

Th^time dependence of the diffusion curve disper- 
sion, (the second central moment) is shown in Fig. 4. 
0-2 was calculated by the height-area method [16]: 




Fig. 3 1/.5 versus solute concentration for CMC(0.6) in DWC at 
26 °C. Here and in Figs. 4 and 5 the numbers of the curves 
correspond to the numbers of the samples in Table 1 



= (a^/2^)/[argerf(aF7/2)]^, where H and Q are the 
curve height and area, respectively, and “argerf ’ means 
the argument of the error function. The diffusion 
coefficient, D, was evaluated from the slope of the 

(t) dependence by D = (1/2) dcr^/dt, where t repre- 
sents time. The D value was extrapolated to vanishing 
concentration. The correction to the concentration effect 
did not exceed 14%. 

The fringe area, Q, was used to estimate the specific 
refractive increment by d«/dc = {Qlc){llabh), where A is 
the wavelength of light. The average value (d«/ 
dc)s 46 = 0.15 ± 0.02 ml/g thus obtained agrees well with 
those known for molecular solutions of CMC(0.9) in 
different solvents [11] if we take into account differences 
in the refractive indices of the solvents. We may 
conclude that CMC(0.6) as well as CMC(0.9) forms a 
real solution in DWC. 



Molecular weight 

The molecular weight of the samples was calculated 
from sedimentation and diffusion data as obtained for 
CMC in DWC using the value of (1 — Dpg) = 0.42 in 
combination with the Svedberg equation 

Msu^[RT/{l-vpo)]iso/D) . (1) 

Flere R is the gas constant and T the temperature in 
Kelvin. The degree of polymerization (DP) was calcu- 
lated from DP = Msd/T^o where Mg, is the mass of a 
monomer unit. Mq was evaluated by taking into account 
the difference in the DS values for the Na-CMC samples 
using Mq = 162.16 ± 80 x DS. Results are listed in 
Table 1. 



Viscometry 

The intrinsic viscosity, [rj], was obtained from the 
extrapolation of the relative viscosity increment, 
rj[ = risp/c = (i] - r]o)/t]oC, to vanishing solute concentra- 
tion, [rj] = lim(j7sp/c)e^o as made according to the 
Fluggins equation rj^p/c = [t]] + [rj]^ k^c, where k^ is 
the Fluggins constant. A plot of r\^plc versus c is shown 
in Fig. 5. Experimental data are well approximated by a 
linear function with the intercept [rj] and the slope which 
yields k^. The average values of k^ are 0.43 ± 0.12 and 
0.47 ± 0.12 for samples and fractions of CMC(0.6), 
respectively. 

The intrinsic viscosity, [tj], was also determined in 
0.5 M NaN 03 , where k^ was found to be 0.64 ± 0.15. 
The results are illustrated in Fig. 6. The [rj] values for 
CMC(0.6) as well as for CMC(0.9) obtained in DWC are 
obviously close to those obtained in salt water (points 
are close to the solid line drawn with a unit slope). We 
may conclude that CMC forms real molecular solutions 
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Table 1 Sedimentation properties of carboxymethyl cellulose (CMC) (0.6) in dilute water cadoxen (BfVC) at 26 °C 



Sample 


Degree of 
substitution 


Degree of 
polymerization 


.50 (S) 


ks (ml/g) 


M (dl/g) 


D X 10’ 
(cm’/s) 


dn/dc 

(ml/g) 


Ao X 10*'’ 

(erg K“‘ mor''"^) 


fTsAto 


Samples 


10 


0.57 


2060 


4.75 


13 


8.55 


0.69 


0.14 


3.6 


0.14 


14 


0.54 


1700 


4.40 


5.0 


6.55 


0.78 


0.14 


3.4 


0.08 


11 


0.59 


1480 


4.36 


- 


7.3 


0.88 


0.15 


3.9 


- 


15 


0.58 


910 


3.95 


- 


4.2 


1.3 


0.13 


4.0 


- 


17 


0.60 


530 


2.87 


- 


2.5 


1.6 


0.13 


3.5 


- 


18 


0.67 


440 


2.85 


- 


2.5 


1.9 


0.17 


3.9 


- 


12 


0.66 


350 


2.63 


- 


2.15 


2.2 


0.16 


4.0 


- 


Fractions^ 


19 


0.64 


1600 


4.76 


7.2 


7.0 


0.87 


0.15 


3.9 


0.14 


20 


0.65 


1440 


4.35 


5.0 


5.5 


0.87 


0.13 


3.5 


0.08 


22 


0.69 


1230 


4.20 


- 


5.3 


1.00 


0.15 


3.7 


- 


23 


0.56 


1050 


3.82 


- 


4.7 


1.09 


0.16 


3.7 


- 


24 


0.54 


990 


3.70 


3.9 


4.0 


1.13 


0.12 


3.5 


0.15 


25 


0.71 


750 


3.39 


3.25 


3.2 


1.3 


0.15 


3.5 


0.16 


21 


0.68 


570 


3.03 


- 


2.4 


1.53 


0.14 


3.4 


- 


27 


0.65 


540 


2.95 


- 


2.25 


1.6 


0.15 


3.4 


- 


26 


0.63 


500 


2.90 


1.76 


2.3 


1.7 


0.16 


3.6 


0.23 



^Polymers 19, 20, 21, 23, 24, 26, and 27 are fractions of the Na-CMC samples 10, 11, 12, 14, 15, 17, and 18, respectively 
The values were obtained with using sq = ■s)! + 0.9[»/]c) 



in both solvents used. An insignificant change in the size 
of the macromolecules (or low aggregation of the CMC 
molecules in salt water) may be responsible for the 
somewhat higher average [rj] value obtained for CMC in 
this solvent. 



Hydrodynamic invariant 

Sedimentation-diffusion properties of CMC(0.6) in 
DWC were used in calculating the hydrodynamic 
parameter, Aq, defined by [18] 

A,^{Dr,,/Tf\R[sM/mf^ . ( 2 ) 




Fig. 4 Dispersion of the diffusion boundary, versus time for 
CMC(0.6) in DWC at 26 °C 




Fig. 5 Concentration dependence of a solution relative viscosity 
increment ri^p/c as measured for a samples and b fractions of 
CMC(0.6) in DWC at 26 °C 
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Fig. 6 Relation between the [rj\ values as measured in 0.5 M NaNOs 
and in DWC for (7) CMC(0.6) and (2) CMC(0.9) at 26 °C 



Here [s] is the characteristic value of the sedimentation 
coefficient defined as [s] = ^of?o/(l — The average 
value of Ao thus obtained for the CMC fractions is 
(3.6 ± 0.2) X 10“'°ergK“^ moP'^^: it falls into the range 
(3.5 ± 0.8) X lO”*** erg K“' moP*'^^ as reported for 
cellulose derivatives in water and in aqueous buffers [18]. 

Molecular-weight dependences 

Molecular-weight dependences of hydrodynamic prop- 
erties are usually described by the empirical Mark-Kuhn 
equations 

5o=^s(DP)'-\ (3) 

[,l]=K,iBPr . (4) 

A logarithmic plot of these functions for the CMC 
fractions in DWC is presented in Fig. 7, showing a linear 
dependence over the DP range investigated. Thus, Eqs. 
(3) and (4) can be applied with the scaling exponents 
1 - b and a given in Table 2. The values of 
= 22 X 10~*^ (if 5 is given in sin sec) and = 
0.54 (if [rj] is given in milliliters per gram) are valid for 
the CMC(0.6) fractions in DWC. 

For unfractionated CMC(0.6) samples, one can see a 
wider scatter of the experimental points (marked as 1 in 
Fig. 7). The values for 1 - b and a of 0.36 ± 0.03 and 
0.85 ± 0.07, respectively, and the coefficients = 
31 X 10”*^ and K,^ = 1.4 are determined here with 
higher error. 

In every case the values of Msd as obtained from 
sedimentation-diffusion data in DWC were used. 

Inhomogeneity 

Inhomogeneity was evaluated by the absolute method of 
analytical ultracentrifugation. The dispersion, of the 



a 





Fig. 7 Log-log dependence of a sq and b [rj\ on the degree of 
polymerization (DP) for (7) samples and (2) fractions of CMC(0.6) in 
DWC at 26 °C 



X spectrum was calculated at different times using the 
boundary profile as described previously [11]. A typical 
change in with time is shown in Fig. 8. This 
dependence is obviously not linear, the rate of change 
being profoundly affected by solute concentration. Note 
that in exp^ments with solute concentration exceeding 
1.5 g/1, the 0-2 points fall below the straight line (curve 6) 
describing the diffusion-spreading of the concentration 
boundary. Hence, polydispersity and diffusion-disper- 
sion are both suppressed by concentration effects at 
these c values, and extrapolation of the data to infinite 



Table 2 Numerical parameters of the Mark-Kuhn equations for 
the CMC fractions at 26 °C. The Cd content of the initial cadoxen 
of the DWC (10+ 1) was 6 wt% 



Polymer 


Solvent 


1 - , 


h 


a 


Ref. 


CMC(0.6) 


DWC 


0.41 


± 0.02 


0.96 ± 0.04 


This work 


CMC(0.9)“ 


DWC 


0.40 


± 0.02 


0.86 ± 0.07 


11 


CMC(0.9)“ 


Cadoxen 


0.42 


± 0.04 


0.84 ± 0.09 


11 



“ Unfractionated samples 
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Fig. 8 Dispersion of the concentration boundary, during sedi- 
mentation run versus time for CMC(0.6), fraction 19 in DWC at 
26 °C. Here and in Fig. 9 the solute concentrations are 2.05 (1), 
1.52 (2), 1.22 (3), 0.89 (4), and 0.56 g/1 (5). The solid lines guide the 
eye. Curve_d presents diffusion-spreading of the boundary as calcu- 
lated by 0-2 = 2Dt. Curves 7 and 8 present the hypothetical a^{t) 
dependences as found from the conditions r ^ ~ and c ^ 0, 
respectively 

time does not lead here to the elimination of diffusion 
effects, in contrast to the generally accepted opinion. 

To eliminate concentration and diffusion effects with 
the aid of a recently proposed method [19, 20], the 
standard deviation, cr, of the x spectrum is plotted in 
Fig. 9 against the boundary position, x^- As earlier [20], 




Fig. 9 Standard deviation, a, of the x spectrum plotted against the 
boundary position, x^, for CMC(0.6), fraction 19 in DWC at 26 °C 
and at the same solute concentrations as in Fig. 8 



we can approximate them with linear functions. The 
slope, 8ff/0Xm, was determined and then extrapolated to 
vanishing concentration in the semilogarithmic coordi- 
nate axes of da/dxm versus Ay, where As = So - s 
(Fig. 10). The result is (8(7/Sxm)o = lim (0o'/0Tm)As^o- 
The time dependence of at long times was 

approximated in terms of radial distance, x, by 

= (8o-/8Xm)o(^m -Xo)^ , (5) 

where Xq is equal to x^ at the start time, t = 0. By using 
the definition of the sedimentation coefficient, y, given by 
= Xq exp(co^S(jt), Eq. (5) was, rewritten in terms of 
the sedimentation time as 

=^i[exp(T2t) - 1]^ . (6) 

Equation (6) olwiously reflects the concentration-free 
dependence of on time provided by both diffusion 
and inhomogeneity effects. 

On the other hand, during concentration-indepen- 
dent sedimentation, the dispersion of the x spectrum is 
known [17] to satisfy equation 

ff2 — 2 Dt + , (7) 

where cr^ is the dispersion of the y spectrum (distribution 
of the macromolecules with respect to sedimentation 
coefficients). To combine Eqs. (6) and (7) we have to find 
a power series (Eq. 8) which approaches Eq. (7) at the 
start time (mainly diffusion effects) and which, in turn, 
approaches Eq. (6) at long times when the boundary- 
spreading is mainly provided by heterogeneity effects. 

( 8 ) 

Here and A 4 are numerical coefficients. Comparison 
of Eq^. (7) and (8) leads to the conclusion that 3 = 2D 
and — lim(t — > 00)^4, where 




Fig. 10 6(7/6xni versus As for CMC(0.6) in DWC at 26 °C. The 
numbers of the curves correspond to the numbers of the samples in 
Table 1 
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A4 = - 2Dt]/[xQ0?t exp(co%0]^ • (9) 

The time-dependence of the A 4 value at long times was 
used to estimate the maximum value of A 4 that was 
accepted as cr^. 

The results so obtained are given in Table 1 in terms 
of the relative standard deviation, (Ts/sq, of the s 
spectrum. One can see that (Ts/sq varies from 0.08 to 
0.23. Hence, according to sedimentation velocity data, 
inhomogeneity of the CMC(0.6) fractions and samples is 
low; this is typical for cellulose. Fractionation of the 
CMC(0.6) samples leads to residues with slightly higher 
DS values (by about 8%) but with the same inhomo- 
geneity parameters with respect to the sedimentation 
coefficients. Nevertheless, study of the CMC fractions 
yields more precise molecular-weight functions of hy- 
drodynamic properties and conformational parameters 
of the CMC macromolecules. 



Degree of chain-coiling 

A cadoxen content of 1 part per 10 parts water proved to 
be sufficient to suppress charge effects [7] and to secure a 
molecular state of dispersion of CMC in solution [11]. 
After assessing the conditions for a valid evaluation of 
sedimentation, diffusion and viscosity measurements on 
CMC solutions without disturbing charge effects, the 
dependence of the hydrodynamic parameters of CMC in 
DWC solutions on the DP of the polymer will now be 
discussed with respect to chain conformation. 

The rather high values of b and a, exceeding 0.5, 
reflect noticeable draining of the CMC macromolecules 
in solution; this is confirmed by some other experimental 
observations [11]. Thus, for assessing the dimensions of 
the CMC molecules in DWC, the theory of the wormlike 
chain [22, 23] seems to be adequate, as it implies a 
draining effect. According to this theory, the [5] value 
can be expressed by a linear function of the square root 
of the DP according to 

M = (Mo/AaPoo)(AT)-‘/2dp1/2 

+ (Mo/37i/UVA)[ln(ff/fif) - y] . (10) 

Here = 5.11, y = 1.056 [23], Aa is Avogadro’s 
number, and i is the length of a monomer unit along a 
chain contour. 

The slope of the dependence of [ 5 ] on (DP)'^^ is used 
to obtain the Kuhn statistical segment length. A, and the 
hydrodynamic chain diameter, d. The linearity of this 
dependence is demonstrated in Fig. 11. The A and d 
values thus obtained are listed in Table 3. The d values 
are compatible with the chemical structure of the 
polymer chain. The degree of coiling of the CMC(0.6) 
molecules in DWC solution is characterized by a Kuhn 
segment length of 15 ± 1 nm. This value agrees well 




Fig. 11 [.?] versus (DP)’^^ as obtained for the CMC(0.6) fractions (7) 
and for CMC(0.9) (2) in DWC at 26 °C 



with the viscometric data but is somewhat lower than 
that for CMC(0.9), also obtained in DWC, A = 
19 ± 2 nm (Table 3). 

Inhomogeneity of the CMC samples was taken into 
account as follows. According to Eq. (13) as given in 
Ref. [31] for heterogeneous samples, in Eq. (10) 
should be replaced with x q^ow The polymolecular- 
ity correction factor, for CMC(0.6) samples (with 
the apparent value for MJM^ of 1.05-1.4) was evalu- 
ated from Table 9.1 in Ref. [31] to be less than or equal 
to 1.05. Hence, this correction does not exceed the 
experimental uncertainty (5%) in the A determination 
and can therefore be ignored. Nevertheless, treatment of 
the [j] -(DP)^'*^ data obtained for unfractionated samples 
by Eq. (10) leads to an unrealistically low d value 
(0.16 nm); therefore, the data obtained for fractions 
were considered here to be preferable to those of 
unfractionated samples. 

It seems reasonable to compare the data above with 
those of unsubstituted cellulose on the one hand and 
those of highly substituted cellulose derivatives on the 
other, as obtained via analytical ultracentrifugation. 
Table 3 shows that the equilibrium rigidity of the 
cellulose chain is characterized by a segment length 
close to 10 nm, whereas for other compounds the A 
value is much higher. 

The experimental values of the Kuhn segment length, 
A, obtained here can be compared with theoretical ones 
calculated on the assumption of a completely free 
rotation around the covalent links of the main chain. 
A parameter of hindrance to intramolecular rotation, a, 
is defined as n = (A/Af^)^^^, where is the value of A 
for a completely free rotation within the polymer chain, 
amounting to 1.21 nm for a cellulose chain [32]. As can 
be seen from Table 3, the a values for CMC as well as 
for other cellulose derivatives are rather high, signifi- 
cantly exceeding a value of 3, which is considered as 
an upper limit for flexible macromolecules even in the 
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Table 3 Conformational para- 
meters of some cellulose esters 
in solutions 



Polymer (degree of 
substitution) 


Solvent 


A (nm) 


d (nm) 


G 


Ref. 


CMC(0.9) 


DWC 


19 ± 2 


1.1 ± 0.5 


4.0 


This work 


CMC(0.6) 


DWC 


15 ± 1 


0.7 ± 0.2 


3.5 


This work 


CMC(0.9) 


Cadoxen 


13 ± 2 


0.6 ± 0.2 


3.3 


24 


Cellulose 


Cadoxen 


11-14 


0.1-1 


2.7-3. 4 


25-27 


Cellulose nitrate (2.3) 


Ethylacetate 


20.0 


1.0 


4.1 


28 


Cyanoethyl cellulose (2.6) 


Acetone 


35.0 


1.4 


5.4 


29 


Cellulose carbanilate (2.67) 


Ethylacetate 


30.0 


1.1 


5.0 


30 



presence of bulky side groups. Considering these results, 
it may be assumed that with CMC as well as with other 
cellulose derivatives, additional intramolecular interac- 
tions, especially the formation of hydrogen bonds, are 
effective in enhancing the equilibrium rigidity of the 
macromolecules. 



DS and temperature effects 

It is hardly possible to discuss the DS effects in 
sedimentation properties of the CMC samples studied 
because of their small differences in DS values (0.6 and 
0.9). A more significant effect was observed, for 
example, in the transport properties of cellulose nitrates 
in ethylacetate. Here, the A value increases 2.5 times 
along the change in the DS value from 2 to 3 (open 
squares. Fig. 12). For cellulose carbanilate (CC) mole- 
cules with DS = 2.1, 2.2, and 2.67, the segment length, 
A, is 16, 19, and 30 nm, respectively [30, 37, 38]. The 
same tendency is noticeable for CMC (Table 3). 



T,°C 

0 25 50 




Fig. 12 Temperature (filled squares) and degree of substitution effects 
(open squares) in equilibrium rigidity (segment length A) of cellulose 
carbanilate (CC) (2.67) [33] and cellulose nitrate (CN) [28, 34-36] 
molecules in solution as evaluated from sedimentation data 



A change in solvent and temperature may also 
significantly affect the sedimentation behavior of the 
cellulose ester molecules in solution [33]. For example, 
the equilibrium rigidity of the CC(2.67) molecules in 
dilute solution in ethylacetate increases two fold with a 
temperature decrease from 50 to 2.5 °C (hlled squares. 
Fig. 12). 

Hence, the sedimentation behavior of the cellulose 
derivatives in dilute solutions depends strongly on the 
chemical structure of the substituents, the degree of 
substitution, and the nature of the solvent. It is also 
affected by temperatnre and inhomogeneity (origins) of 
the samples. Particularly strong interactions between 
snbstituents lead to 3-4 times higher A values (CN, CC, 
cyanoethyl cellulose). Weakening of these interactions 
(provided by a lower DS) leads to lower A values 
approaching values of native cellulose. 



Conclusions 

In accordance with sedimentation velocity data, com- 
plexation of CMC (DS = 0.6-0. 9) molecules in cadoxen 
is similar to that for native cellulose [39]. In a solution of 
CMC in DWC, complexation and polyelectrolyte effects 
are practically absent, and sedimentation analysis of the 
inhomogeneity of the samples and the evaluation of the 
conformation of the CMC chain seem to be most 
successful in this solvent [40]. The Kuhn segment length 
of 15 nm as found here for CMC(0.6) in DWC is close to 
that of unsubstituted cellulose and somewhat lower than 
that obtained for CMC(0.9) in the same solvent. 
Obviously, within the range of molecular weights 
investigated here, the molecular conformation of both 
cellulose and CMC complies with the model of a 
draining Gaussian coil with a sufficiently large number 
of statistical segments in the equivalent chain. On the 
other hand, the equilibrium rigidity of CMC(0.6) 
molecules is definitely lower than that of highly substi- 
tuted cellulose derivatives. This difference is caused by 
the still comparatively low DS as well as by the rather 
low degree of bulkiness of the carboxymethyl substitu- 
ents. 
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Abstract The ultracentrifuge is a 
useful tool for probing the effects of 
chemical or other types of substitu- 
tion/mutation in macromolecules, 
although very few studies have been 
performed on polysaccharides. In this 
study we demonstrate that the sub- 
stitution of hydroxyl groups on the 
polysaccharide xylan by /t-carboxy- 
benzyl (CB) bromide groups has little 
observed effect on molecular weight 
and little apparent effect on confor- 
mation (as monitored by sedimenta- 
tion velocity and intrinsic viscosity). 
Corn-cob arabino-(4-0-methyl- 
glucurono)xylan (AGX) and its 
chemically modified derivative CB- 
AGX were found to have intrinsic 
viscosities of (82.8 ± 0.4) ml/g and 



(77.6 ± 0.5) ml/g, respectively. 
Sedimentation coefficients, were 
calculated to be (1.72 ± 0.06) S and 
(1.77 ± 0.06) S and (weight-aver- 
age) molecular weights, from 
sedimentation equilibrium were 
found to be (37 000 ± 1500) g/mol 
and (40 000 ± 3000) g/mol. From 
these results we concluded that the 
UV tagging of arabinoxylan AGX 
does not significantly change the 
structural integrity of the xylan mol- 
ecule; however, the decrease in in- 
trinsic viscosity may indicate a very 
slight conformational change. 

Key words UV tagging • 
Arabinoxylans • Carboxybenzyl • 
Analytical ultracentrifugation 



Introduction 

A lot of interest has been directed towards monitoring 
the effect of substitution or mutation of groups or 
residues on proteins using the ultracentrifuge; however, 
the ultracentrifuge can be equally useful in monitoring 
such effects on polysaccharides. In this study we aim 
to demonstrate whether the substitution of hydroxyl 
groups by /i-carboxybenzyl (CB) bromide has any 
observed effect on molecular weight and/or conforma- 
tion (as monitored by sedimentation velocity and 
intrinsic viscosity). 

Xylan, a structural polysaccharide of the hemicellulose 
class, is the second most abundant naturally occurring 
organic compound [Ref. [1] and references therein]. 
Xylan is a major component of plant cell walls and can 
be found at levels up to 30% in some hardwoods. Xylan is 



often covalently linked to other cell wall components, 
such as lignin, and is thought to form an interface between 
cellulose and lignin in the plant cell wall [1] (Fig. 1). 

The arabinoxylans of wheat grains compose approx- 
imately 70% of the endosperm cell wall and are 
therefore the principle source of fibre in flour. Water- 
soluble arabinoxylans leached from the endosperm form 
high-viscosity solutions able to hold 10 times their 
weight in water [3]. 

The xylan backbone is built up essentially by (1 ^4) 
linked /f-o-xylopyranose units: 

• • • — > 4)/1-d- xyl/j (1 ^ • 

O-acetyl groups substitute many of the OH groups at C2 
and C3 of the xylans in their native state [1]. 

In this study the particular xylan examined was 
known as AGX from corn cob; it is of the arabino-(4-0- 
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Fig. 1 Simplified diagrammatic representation of a typical higher 
plant cell wall. (From Ref [2]) 



to be long enough for the sample and dialysate to reach isoionic 
equilibrium. All samples were dialysed for approximately 24 h 
against an ionic strength of 0.1, pH 7.5 phosphate-chloride buffer 
[8] of composition Na2 HPO4 • 12 H2O (5.444 g); KH2PO4 
(0.589 g) and NaCl (2.923 g). 

Viscometry 

Solutions and reference solvents were analysed using a 2-ml 
automatic Oswald viscometer (Schott-Gerate, Mainz, Germany), 
under precise temperature control (25.00 ± 0.02 °C). 

Sedimentation velocity 



methylglucurono)xylan type typical of softwoods and 
annual plants. The chemical modification is achieved by 
reaction with excess CB bromide in the presence of 
aqueous sodium hydroxide [4]. 



Materials and methods 

Samples 

The heteroxylan, AGX was isolated from an alkaline extract of the 
mill corn cob by ethanol precipitation [5]. Moisture contents were 
calculated to be 9.96% and 10.68% for AGX and CB-AGX, 
respectively. Sample purity was investigated spectrophotometrical- 
ly by the measurement of the UV absorbance spectra in the range 
200-320 nm on an LKB Biochrom Ultraspec 4050 (Fig. 2); this 
was also used to distinguish spectral differences between native and 
chemically modified samples. The degree of substitution was 
calculated (by photometric titration of H ^ [6]) to be approximately 
24% of the monomeric sugars. Prior to the hydrodynamic analysis 
it was necessary that both the sample and the buffer were in 
identical ionic environments, and it was therefore imperative that 
the sample was dialysed against the appropriate buffer. This 
process of dialysis against a large excess of buffer allows the sample 
to be treated as a simple two-component system and therefore 
simplifies calculations accordingly [7]. In general 24 h is considered 




Fig. 2 UV absorption profiles for corn-cob arabino-(4-0-methyl- 
glucurono)xylan {AGX) and p-carboxy benzyl (CS)- AGX in a 
phosphate-chloride buffer, pH 7.5, 7=0.1 mol/1. Concentrations both 
0.1 mg/ml 



Arabinoxylan samples of different concentrations were prepared 
for use in both Beckman XL-A and XL-I (Beckman Instruments, 
Palo Alto) analytical ultracentrifuges. A rotor speed of 50 000 rpm 
and a 4-mm column length in 12-mm optical path length double- 
sector cells were used together with an accurately controlled 
temperature of 20.0 °C. We can take advantage of the fact that 
both AGX and CB-AGX absorb in the UV (Fig. 2) and therefore 
both UV absorption and interference optics were used to record 
solute distributions. The g(x*) (sedimentation-time-derivative) 
method was used with the program DC/DT to determine apparent 
sedimentation coefficients {sr.h) at each concentration by the 
procedure described in Ref. [9]. sr,h values were corrected to 
standard conditions of viscosity and temperature of water at 20 °C 
to give X2o,w [10]. 

520.W = 57’.4(1 - VP20,w)'7r.i]/[(l - VP7-,f>)f/20,w] : ( 1 ) 

where X2o,w is the sedimentation coefficient expressed in terms of 
the standard solvent of water at 20.0 °C, Sry is the measured 
sedimentation coefficient in the experimental solvent at the 
experimental temperature, T, t]r,h and ;j2o,w are the viscosities of 
the solvent and water at the experimental temperature and at 
20.0 °C, respectively, and p2o,w and pj-* are the corresponding 
densities. A partial specific volume, v, of (0.625 ± 0.006) ml/g was 
used for both native and modified samples [11]. ,'(2o,w values were 
extrapolated to zero concentration using the standard equation [12] 

■520, w = ■520 ,w(1 ~ ksC), (2) 

where the Gralen parameter [13], (ml/g), is a measure of 

concentration dependence. 

Sedimentation equilibrium 

Cells were scanned every 4 h at 18 000 rpm until two consecutive 
scans gave identical optical records. The centrifuge was then 
accelerated to 55 000 rpm in order to obtain a baseline required for 
data analysis using the optical absorption system. All absorbance 
and interference data sets were analysed using the MSTARA and 
MSTARI programs [14], respectively. 



Results and discussion 

The UV absorption profiles (Fig. 2) show that both 
native and modified samples appear to be free from any 
peptide contaminants (or at least those containing 
aromatic groups). It is also clear that the introduction 
of the CB group causes a marked change in the 
spectophotometric properties of the samples. 

Reduced viscosity versus concentration plots shown 
in Fig. 3 reveal only a small decrease (about 6%) in 
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Fig. 3 Reduced viscosity versus concentration for AGX and CB- 
AGX. Buffer conditions as for Fig. 2 



intrinsic viscosity, from (82.8 ± 0.4) ml/g to 
(77.6 ± 0.6) ml/g, caused by chemical substitution. It 
is worth pointing out that these values may be partially 
affected by possible systematic dilution errors caused by 
dialysis, although we would like to stress that both 
samples received identical dialysis protocols. (Such 
dialysis errors would not affect or M discussed 
later, since concentration is not an integral part of the 
function, unlike reduced viscosity, and concentration 
errors do not affect the extrapolated c = 0 values). 

Sedimentation coefficients (Fig. 4) for both native 
AGX and CB-AGX do not show any dramatic decrease 




Fig. 4 Apparent sedimentation coefficient versus sedimenting con- 
centration for AGX and CB-AGX. Buffer conditions as in Fig. 2 




Fig. 5 Apparent molecular weight (from low-speed sedimentation 
equilibrium) versus cell loading concentration for AGX and CB-AGX 

with increase in concentration, and follow almost 
identical behaviour, with 520 „ ^ (1-72 ± 0.06) S and 
(1.77 ± 0.06) S, respectively. 

Molecular weight behaviour (Fig. 5) is also indistin- 
guishable between the native and substituted xylans, 
showing the same decrease in M^^app with concentration 
through non-ideality. Extrapolated “ideal” values are 
also very similar; = (37 000 ± 1 500) g/mol and 
(40000 ± 3000) g/mol, respectively. 



Conclusions 

As there appear to be no significant differences in the 
sedimentation coefficients or molecular weights on 
chemical substitution it would appear that the chemical 
substitution of the aromatic tag CB has no effect on the 
physical integrity of the arabinoxylan AGX, with no 
major conformational change or no induced self-asso- 
ciation. The small decrease in intrinsic viscosity may 
possibly indicate a slight conformational change. It is 
possible, of course, that increasing the degree of 
substitution could accentuate this minor affect (or 
conversely, reducing the degree of substitution could 
remove it completely). Our conclusions are nonetheless 
similar to those of Errington et al. [15] for “blue 
dextran” and [16] for di-iodotyrosine labelled dextran, 
viz. labelling of polysaccharides for visualisation pur- 
poses does, at least in these cases, not seriously affect 
their structural integrity. 
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Abstract Relatively little has been 
published on the ultracentrifuge be- 
haviour of macromolecular solu- 
tions at elevated temperature 
(>40 °C). In this study we look at 
the sedimentation velocity behaviour 
of one particular food grade poly- 
uronide - pectin - from 20 °C to 
60 °C in a specially adapted Model 
E ultracentrifuge. Reduced specific 
viscosity measurements were also 
determined over the same tempera- 
ture range. A small decrease in the 
reduced viscosity, together with a 
similar increase in j' 2 o,w, suggests 



that the pectin chain is more flexible 
at elevated temperatures, but that 
the overall molecular integrity 
remains intact. 



Key words Beckman Model E 
adaptation • Viscometry • Size 
exclusion chromatography-multi- 
angle laser light scattering 



Introduction 

Relatively little has been published on the ultracentri- 
fuge behaviour of macromolecular solutions at elevated 
temperature ( > 40 °C). This is surprising, considering 
that, in many food or pharmaceutical processes, mac- 
romolecules are exposed to elevated temperatures. 
Attempts to increase our knowledge of the behaviour 
of these molecules, in terms of structural integrity and 
state of oligomerisation, would therefore be useful. 

In this short study we look at the behaviour of one 
particularly important food grade polyuronide type of 
polysaccharide - pectin. Pectins are major components 
of plant cell walls and are composed of 1 ^ 4 linked 
galacturonic acid residues. Many of these acidic 
residues are substituted with methyl groups, forming 
methyl esters (methoxy esters); the degree of esterifica- 
tion (DE)/degree of methoxy lation (DM) plays an 
important part in the properties of pectins. Pectins of 
DE > 50% are regarded as high methoxy (HM) and 
DE < 50% as low methoxy (LM) pectins. Galacturonic 



acid chains are often interrupted with rhamnose sugars 
which result in a “kink” in the chain. There are quite 
often so-called “hairy regions” which contain abnor- 
mally large amounts of arabinose and galactose side 
chains [1]. 



Materials and methods 

Materials 

The low methoxy pectin (degree of esterification ^^38%) of high 
degree of purity was a gift from Citrus Colloids (Hereford, UK). 
The material was solubilised for 24 h in pH 6.8, ionic strength 0.1, 
standard phosphate/chloride buffer [2], of the following composi- 
tion: Na 2 HP 04 • I 2 H 2 O, 4.595 g; KH2PO4, 1.561 g; and NaCl, 
2.923 g, all made up to 1 1 [2] and then dialysed against this buffer. 



Viscometry 

Solutions and reference solvents were analysed using a 2 ml 
Ostwald viscometer (Schott-Gerate, Mainz, Germany) under 
precise temperature control (±0.01). 
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Elevated temperature sedimentation velocity 

The high temperature unit (Fig. 1) for the Beckman Model E 
analytical ultracentrifuge allows centrifugation at temperatures up 
to 125 °C; however, for aqueous solutions, temperatures > 80 °C 
are impractical. Since parallel measurements were being made with 
size exclusion chromatography-multi-angle laser light scattering 
(SEC-MALLS), and the latter set-up has a high temperature limit 
of 60 °C, we restricted our ultracentrifuge studies to this upper 
limit for temperature. Both the rotor and sample cells are pre- 
heated to the required temperature prior to sample injection. 
Samples were run at 52 640 rpm and Schlieren images were 
captured semi-automatically onto photographic film, ^j-i, values 
were calculated from Schlieren images using a graphics digitising 
tablet. .? 2 o,w values were then calculated from values (sedimen- 
tation coefficients at temperature, T and in buffer, b) using the 
standard equation (see, for example, [3]): 

■S20,w = .sr.bKl - vp)2o,w>/r.b]/[(l “ vp)r,b'l20.w] (1) 

where .? 2 o,w is the sedimentation coefficient of the macromolecular 
component expressed in terms of the standard solvent density and 
viscosity of water at 20.0 °C; Xj-_b is the measured sedimentation 
coefficient in the experimental solvent at the experimental temper- 
ature, T\ f/j- b, I720.W are the viscosities of the solvent and water at the 
experimental temperature and 20.0 °C, respectively; p 2 o,w: Pr.b are 
the corresponding densities. A partial specific volume (for the 
macromolecular component) of 0.63 ± 0.01 was used and assumed 
to be constant with temperature. 

There are many additional problems in the use of elevated 
temperature analytical ultracentrifugation. At higher temperatures 
the maximum rotor speed must be reduced by ^1% per 10 °C 
above 40 °C. Care has to be taken in the choice of gaskets, 
centrepieces and windows: centrepieces used were of the KEL-F 
type. Oil condensation on the chamber lenses is a major problem, 
which results in poor image resolution. 




Fig. 1 The radiation can for the Model E high temperature unit. 1 can 
assembly, 2 baffle assembly, 4 feed through drain assembly. All others 
are minor components [4] 



Size exclusion chromatography coupled to multi-angle 
laser light scattering 

SEC-MALLS allows on-line light scattering of a heterogeneous 
solute fractionated by size exclusion chromatography. This results 
in absolute molecular weights (molar masses) and molar mass 
distributions [5-7]. The Wyatt Technology (Santa Barbara, USA) 
Dawn F multi-angle laser light scattering photometer (Wyatt, 1992) 
[8] was coupled to PSS (Mainz, Germany) Elema Bio linear 
(300 mm x 7.5 mm) and PSS Hema Bio 40 (300 mm x 7.5 mm) 
columns, both protected by a similarly packed guard column. The 
eluent was the standard pH 6.8, / = 0.1 buffer and the injection 
volume was 100 jA. The pectin refractive increment (d«/dc) of 
0.15 ml/g was assumed to be independent of temperature. 



Results and discussion 

From Table 1 and Fig. 2 we see that increase in 
temperature does not affect the unimodality of the 
sedimenting boundary, as seen in earlier studies [9]. 
Although ^T’b shows a marked increase with increase in 
temperature (1.57 S to 4.22 S from 20 °C to 60 °C, 
respectively), after correction to standard conditions of 
solvent viscosity and density [Eq. (1)] the change is not 
spectacular (1.57 S to 1.92 S) (Fig. 3). This corresponds 
to a small decrease in reduced specific viscosity from 
268 ± 1 ml/g to 241 ± 5 ml/g (Fig. 4). An increase in 
sedimentation coefficient together with a decrease in 
would suggest a slight change in conformation to a more 
compact form. 

It is important also to establish the state of degrada- 
tion/association of the material before conclusions over 
conformation can be drawn, since both the sedimenta- 
tion coefficient and intrinisc viscosity will be affected by 
mass as well as shape/hydration considerations; SEC- 
MALLS provided this. Over the temperature range 
30-60 °C the molar mass as studied by SEC-MALLS 
remains relatively constant at approximately 
115000 ± 15 000 g/mol (Fig. 5), with no sign of disso- 
ciation. This suggests that molecular breakdown is not 
occurring and therefore any changes in sedimentation 
coefficient and reduced specific viscosity are the result of 
conformational changes. 



Conclusions 

The apparent uniformity in molar mass over the temper- 
ature range together with the slight increase of ,S 2 o,w and 



Table 1 The effect of tempera- 
ture on the sedimentation 
coefficient and reduced viscosity 
for LM pectin HL7192 



Temperature 


■5T,b (S) 


■S20,w (S) 


lined (ml/g) 


M„ (g/mol) 


20 


1.57 ± 0.03 


1.59 ± 0.03 


268 ± 1 




30 


2.05 ± 0.03 


1.62 ± 0.03 


263 ± 2 


107 900 ± 10000 


40 


2.54 ± 0.04 


1.64 ± 0.04 


257 ± 2 


113 900 ± 10000 


50 


3.31 ± 0.04 


1.78 ± 0.04 


243 ± 1 


112100 ± 10000 


60 


4.22 ± 0.05 


1.92 ± 0.05 


241 ± 5 


124 800 ± 10000 
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Fig. 2 Schlieren peak for LM pectin HL7192, temperature 60 °C; 
concentration 2.3 mg/ml; rotor speed 52640 rpm; / = 2220 s, 
•?obs = 4.22 S and ,? 2 o,w = 1 .92 S 




Temperature, °C 

Fig. 3 The effect of increased temperature on .Sobs and .? 2 o,w for LM 
pectin HL7192 

the small decrease in reduced specific viscosity at 
increased temperatures suggests only a small conforma- 
tional change. [Because measurements were made at only 
a single concentration, there is the possibility that this 
conclusion may be coloured by the fact we have assumed 
that (1) changes in reduced viscosity reflect changes in 
intrinsic viscosity (2) the change in j 2 o,w at this concen- 
tration reflects changes in ■520.W (i.e. at c = 0). As noted 
above, we have also assumed the partial specific volume 
has not significantly changed at elevated temperature.] 

A low-methoxy pectin molecule at room temperature 
can be thought of as a rod/semi-flexible rod type molecule. 
At elevated temperatures, increased chain flexibility is 




Temperature, °C 



Fig. 4 The effect of increased temperature on the reduced viscosity 
for LM pectin HL7192 




Temperature, °C 



Fig. 5 The effect of increased temperature on the reduced viscosity 
for LM pectin HL7192 

apparent; this is most likely due to increased mobility with 
the input of thermal energy, together with the partial 
breakdown of inter- and intra-molecular forces. Our 
observation that pectin undergoes a partial transition but 
remains intact at increased temperatures, is important 
as pectin is often used as a stabiliser in heat treatment 
processes. This can possibly give some further insight into 
the complex chemistry involved. 
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Abstract Sporuiation in Bacillus 
subtilis is used as the strategy of last 
resort for survival of the organism 
and it is a very tightly controlled 
developmental process. One of the 
control checkpoints that must be 
overcome for sporuiation to occur 
is the repression of sporuiation 
genes by the protein SinR 
(13.5 kDa). This is done by binding 
of the anti-repressor SinI (6.5 kDa) 
to form a tightly bound heterodi- 
mer. To investigate the interaction 
of SinI with SinR in solution, an 
analytical ultracentrifuge study was 
undertaken. SinR was found to be a 
tetramer, whereas SinI was in a 
monomer/dimer equilibrium. 



Derivatives of both SinI and SinR, 
where the native tryptophan was 
replaced by the analogue 7-aza- 
tryptophan (7AW), were expressed 
and found to be as active as the 
wild-type proteins. The 7AW pro- 
teins have the property of having 
significant absorbance at 315 nm, 
thus allowing them to be monitored 
even in the presence of tryptophan 
containing proteins, making them 
ideal for studying protein/protein 
interactions. 

Key words Sporuiation proteins • 
Bacillus subtilis • Tryptophan • 
7-Azatryptophan • Analytical 
ultracentrifugation 



Introduction 

The way in which an organism controls its development 
involves networks of protein/protein and protein/nucleic 
acid interactions. The regulatory mechanism employed 
by organisms to coordinate growth and development 
have been intense topics of research. Sporuiation, 
particularly in the model organism Bacillus subtilis, is a 
much studied example of developmental control: under 
normal conditions the cell divides in a symmetric 
manner; however, under certain environmental condi- 
tions the cell undergoes asymmetric division, with the 
final formation of a spore and decay of the mother cell. 
As such a process is a strategy of last resort for the cell, it 
is tightly regulated via a series of controls or checkpoints 
which must be overcome for sporuiation to occur [1, 2]. 

The proteins SinR and SinI are involved in the early 
decision to proceed to sporuiation in B. subtilis. SinR 
(monomer = 13.5 kDa) is a repressor protein 



which inhibits the transcription of genes required for 
sporuiation, by binding in a cooperative fashion to 
DNA. SinI (monomer = 6.5 kDa) is its agonist, 
which binds to SinR forming a tightly bound hetero- 
dimer. The SinR/SinI complex can no longer bind 
DNA in a cooperative fashion; as a consequence, 
sporuiation genes are expressed. Hence, understanding 
the interaction between SinR and SinI will shed light on 
our understanding of the decision making process 
occuring in the cell on whether to proceed to sporuiat- 
ion [3, 4]. 

The crystal structure of the SinR/SinI complex has 
been solved recently in our group [5]; it shows a tight 
interaction in which the two proteins interpenetrate, 
much in the manner of a handshake (see Fig. 1). There 
is a range of complementary interactions occurring 
between the proteins, and indeed it is possible to place 
a second molecule of SinR in place of SinI and still 
preserve the same contacts [5]. 
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Fig. 1 A view of the crystal structure of the SinR/SinI heterodimer 
displayed as a space filling model. SinI is shown in white, while SinR is 
shown in dark grey. Water molecules that were resolved in the crystal 
structure are shown in mid-grey. It can be seen that the proteins form 
a tight interlocking complex, in the manner of a handshake 



Thus, it is easy to see how a molecule of SinI could 
replace one of SinR in a SinR dimer. To provide 
information about the behaviour of SinI and SinR in 
solution, we are currently investigating their interaction 
using a range of biophysical techniques. We report here 
how the use of tryptophan analogues incorporated into 
proteins can simplify the interpretation and analysis of 
analytical ultracentrifuge results. 



Materials and methods 

Analytical ultracentrifugation 

Sedimentation equilibrium experiments on SinR and SinI were 
carried out in Tris (pH 7.5) and 150 mM NaCl at 20 °C. Loading 
concentrations were 0.1, 0.25 and 0.5 mg/ml of each protein. Rotor 
speeds for SinR were 12 000, 16000, 22 000 and 28 000 rpm. SinI 
was subjected to sedimentation equilibrium at 22000, 26000, 
28 000 and 32 000 rpm. 



Results 

Equilibrium took around 12 h in the case for SinR and 
8 h for SinI. At the end of the run the rotor speed was 
increased to 36 000 rpm to obtain a true optical baseline. 
Analysis of the data obtained from these experiments 
found that SinR had an apparent molecular weight 
of 53 000 (±500) kDa, corresponding to a tetrameric 
protein, whereas SinI was found to be in a reversible 
monomer/dimer equilibrium with a dissociation constant 
(Ad) of 4 ± 2 /iM. These data correspond very well with 
that found by gel filtration [3]. The results are summa- 
rised in Table 1. 



Table 1 Summary of the sedimentation equilibrium results on 
SinR and SinI 



Species Mol. wt. (Da) Oligomeric state 

SinR 53 000 Single species (tetramer) 

7AWSinR 53 000 Single species (tetramer) 

SinI 6500 2M Mj 



Discussion 

Analysis of the interaction of SinI and SinR is compli- 
cated by two factors: firstly, that each species is involved 
in higher order oligomeric states; and secondly, that the 
dimeric form of SinI has about the same molecular 
weight as monomeric SinR. In order to deconvolute 
these complex binding processes, it is desirable to have 
information about the distribution of the two separate 
species, SinI and SinR, in the centrifuge cell. This can be 
accomplished, as detailed in an accompanying paper [6], 
by biosynthetically incorporating the tryptophan ana- 
logue, 7-azatryptophan (7 AW), into proteins. This has 
the property of red-shifting the absorbance spectra some 
20 nm; therefore by using wavelengths of around 310- 
315 nm it is possible to observe the 7AW labelled 
protein, while any native tryptophan containing proteins 
will be transparent [7-13]. We have produced 7AWSinR 
in appreciable amounts and found that it functions in 
a native fashion [13]. Figure 2 shows a diagram of the 
absorbance spectra for native SinR and 7AWSinR; it 
can be seen that there is significant absorbance of the 
7AWSinR in the wavelength range of 300-320 nm. 

Additionally, it was found by sedimentation equilib- 
rium that this protein was tetrameric (see Table 1), 
showing that the 7AW incorporated protein had the same 




Fig. 2 Ultraviolet absorbance spectra of native and 7AW incorpo- 
rated SinR. The sample of 7AWSinR was found to have >95% 
incorporation of the analogue, by examination of its spectra 
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oligomeric state as the native protein. As only VAWSinR 
has significant absorbance at 315 nm, it is possible to 
monitor it in the analytical ultracentrifuge using 
absorbance optics even in the presence of excess Sinl. 

A constant concentration of VAWSinR (60 /iM 
monomer) was incubated with increasing concentrations 
of native Sinl and analysed by sedimentation equilibri- 
um. Each mixture was scanned at 280, 315 and 400 nm. 
Each of these wavelengths provides important related 
information on the system. The data at 280 nm contain 
information about the whole of the system under study, 
as both SinR and Sinl absorb at this wavelength. The 
data at 315 nm provide information about the distribu- 
tion of free VAWSinR and bound VAWSinR. Therefore, 
data obtained at these two wavelengths provide com- 
plementary information on the system, and one of its 
components that can be used to deconvolute the details 
of the binding process. The scan at 400 nm is used to 
check that Weiner skewing is not occurring [15]. Details 
of this are in our accompanying paper [6]. 

To analyse the data, we calculated the whole cell 
molecular weight average (M° ^^pp) for each of the scans 
at a set speed using the program MSTARA [16, IV]. If 
there is no interaction occurring between VAWSinR and 
Sinl, then the whole cell molecular weight average will 
simply be that of the tetramer. Any deviation from this 
will be due to interaction occurring between VAWSinR 
and Sink Table 2 summarises these results. It can be 
seen clearly that the value of (Tf^^pp) falls with 
increasing Sinl concentration. This shows that there is 
an interaction between Sinl and VAWSinR under these 
conditions. Significantly, the value of falls from 

that of the tetramer to close to that expected for the 
heterodimer (20 kDa), indicating that the binding of 
Sinl disrupts the SinR tetramer, causing this observed 
decrease. 



Table 2 Whole cell molecular weight averages calculated 

for the data at 315 nm for a fixed concentration of VAWSinR 
with varying concentrations of Sinl 



VAWSinR (fiM) 


Sinl (;<M) 


^S,app 


60 


1.50 


50 600 


60 


5.00 


45 300 


60 


30.0 


33 200 


60 


45.0 


26000 


60 


150 


19000 


There appear to be 


no stable high molecular weight 


intermediates formed 


from multiple 


copies of Sinl 


binding to a SinR tetramer. 





Conclusions 



We have shown here and elsewhere [6, 13, 14] that it is 
possible to produce functionally active proteins biosyn- 
thetically that have the tryptophan analogue V-azatryp- 
tophan in place of the naturally occurring tryptophan. 
These proteins can be used in binding studies in the 
analytical ultracentrifuge in place of the native protein, 
and, as a consequence of the unique absorbance signal at 
315 nm, molecular weight information can be derived 
from these distributions about only one of the compo- 
nents in the system. With VAWSinR and Sinl we are 
able to show how a potentially complicated interaction 
(a tetramer interacting with a monomer/dimer equilib- 
rium) can be deconvoluted into simpler binding equilib- 
ria. We are currently using direct methods of detailed 
analysis [18, 19] of the data at 280 and 315 nm to further 
this aim. 
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Abstract The minor sigma factor 
of Escherichia coli RNA polymerase 
(RNAP) has been labelled with the 
tryptophan analogue 7-azatryptop- 
han (7AW) by biosynthetic incor- 
poration. This has the effect of 
shifting the absorbance spectra of 
the protein so there is appreciable 
absorbance at 315 nm. Consequent- 
ly this makes 7AWff^ an ideal tool 
to study the protein/protein interac- 
tion of and RNAP using the 



absorbance optics in the XL-A ana- 
lytical ultracentrifuge. 



Key words RNA polymerase • 
Escherichia coli ■ 7-Azatryptophan • 
Sigma factor • Analytical ultracen- 
trifugation 



Introduction 

Interactions between of proteins of dissimilar size and 
shape are essential for cellular function, and consequently 
protein/protein interactions have formed the basis of 
many studies in molecular biology. Analytical ultracen- 
trifugation provides a rigorous thermodynamic approach 
to the determination of molecular weight information 
and to the study of protein/protein interactions. One 
problem which has to be overcome, however, is that all 
proteins give similar signal responses under all optical 
regimes in the ultracentrifuge. This is especially true of 
absorbance optics: all proteins containing aromatic 
residues have similar absorbance properties in the 250- 
300 nm wavelength region and hence are virtually 
indistinguisable at most measured wavelengths, making 
decomposition of the signal into the individual contribu- 
tions of the components difficult. Recently, it has become 
possible to incorporate analogues of trytophan such as 5- 
hydroxytryptophan (50HW) and 7-azatryptophan 
(7 AW) biosynthetically into proteins in place of tryptop- 
han. The incorporation of either 50HW or 7AW shifts 
the absorbance spectra of the proteins so that there is 
significant absorbance at 315 nm, making them detect- 
able at wavelengths where the absorption of tryptophan 



containing proteins is transparent [1-6]. As the steric 
differences between these residues and tryptophan are 
small (see Scheme 1), substitution is not often accompa- 
nied by alteration in functional properties. This makes 
them ideal for the study of protein/protein interactions in 
the analytical ultracentrifuge using absorbance optics. 

O O 





The methodology has been used to study the binding 
of the minor sigma factor to Escherichia coli 

core RNA polymerase (RNAP) to form the holoenzyme. 
Binding of sigma factors to RNAP directs the holoen- 
zyme towards specific classes of genes and therefore is an 
important feature of selective transcriptional activation 
in bacteria, differs from all of the other known sigma 
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factors not only in sequence homology, but in its 
requirement for an activator protein and the turnover 
of ATP before being able to open the DNA strands and 
start transcription. In this it resembles eukaryotic RNA 
pol II, and as such its mechanism of interaction is a topic 
of active research as a paradigm of activator protein 
dependent transcription [7-9], is able to bind DNA in 
the absence of RNAP with a of around 1 /rM, as well 
as being able to bind RNAP on its own in the absence 
of DNA. However, the detailed characteristics of the 
binding to RNAP are not known. We have expressed 
and characterised 7AW(j^, assayed it functionally with 
RNAP and activator proteins, and characterised its 
binding in the analytical ultracentrifuge. 



Materials and methods 

Incorporation of 7-azatryptophan into 

A high level of incorporation of 7 AW(t*^ into the protein is 
achieved by expression of the protein in the E. coli tryptophan 
auxotroph strain CY 15077 (a kind gift of Prof. C. Yanofsky) in 
Terrific Broth media at 37 °C [1, 11]. Once the cells had grown to 
ODftoo = 0-8, the media was changed to M9 [10], and after 30- 
40 min was supplemented with 100 mg/500 ml of 7AW (Sigma- 
Aldrich, Poole, Dorset, UK). Expression was induced by the 
addition of IPTG to a final concentration of 1 mM. Protein was 
purified by refolding from inclusion bodies as detailed previously 
[11, 12]. Levels of incorporation were estimated to be typically 
around 70-90%, based on analysis of absorbance spectra (Fig. 1). 
Purified 7AWo-^ was assayed for both core RNAP binding and 
activator protein-dependent transcription and found to act in a 
wild-type fashion [11], showing that the 7AWo-^ protein is a 
suitable substitution for native in functional assays. 




260 280 300 320 



Wavelength (nm) 

Fig. 1 Ultraviolet absorbance spectra of native {open squares) and 
7AW(T^ {shaded circles). It can clearly be seen that the 7AW 
substituted protein has significant absorbance in the 300-320 nm 
region. Levels of incorporation of 7AW into the protein, estimated 
from the absorbance spectra, were typically 70-90% 



Sedimentation velocity studies 

Sedimentation velocity runs were carried out on an XL-A 
analytical ultracentrifuge (Beckman, Palo Alto, Calif., USA) at 
40000 rpm for and 30000 rpm for RNAP using Epon filled 
centrepieces. Scans were taken every 5 min. Sedimentation coeffi- 
cients were determined using DCDT [13] and were found to be 
3.0 ± 0.2 s and 3.1 ± 0.2 s for native and 7 AW<t'^, respec- 
tively. This shows that both proteins have the same hydrodynamic 
conformation in solution, thus demonstrating that incorporation of 
7AW does not cause any gross conformational changes in protein 
structure. 

Sedimentation equilibrium 

In order to fully exploit the unique spectroscopic properties of 
7 AW(t'^, sedimentation equilibrium was employed. By monitoring 
the signal at 315 nm it is possible to determine the distribution of 
free and bound 7AWff^ by calculating the apparent whole cell 
weight averaged molecular weight (Af®,jpp) in the presence of 
RNAP. To obtain „pp, equilibrium traces were analysed using 
the program MSTARA [14, 15]. 

The M* function is defined as: 

= kCa{r^ - a^) + 2k r[C{r) - Ca]dr (1) 

Table 1 Summary of data determined at 315 nm for 

(t'^:RNAP titrations. The value of for the holoenzyme is 

430 kDa. The error in each measurement falls in absolute terms 
with RNAP concentration. This is because the rotor speed 
(7000 rpm) is more appropriate for measurements of molecular 
weights the size of the RNAP complexes, rather than the free 



7AW(t'^ (/iM) 


RNAP (/rM) 


^w,app (kDa) 


7.1 


0 


89 ± 30 


7.1 


0.52 


166 ± 25 


7.1 


1.57 


357 ± 33 


7.1 


7.84 


380 ± 47 







Fig. 2 M* extrapolation for 7 AW(t*^ and RNAP determined from 
data taken at 315 nm. The concentration of both species was 7.1 pM. 
As can be seen, the value of M* tends towards 380-400 kDa. 
( = (r^ - c?)l{h^ - a^), where a = radial position of the meniscus and 
h = radial position of the cell base 
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It was found that M® „„ in the absence of RNAP at 315 nm was 
around 89 ± 30 kDa (Table 1). The reason for the magnitude of 
the error was that the rotor speed has to be low enough to see the 
distribution of core RNAP (378 kDa), thus making the determi- 
nation of the free 7AW(r*^ Tf® difficult. However, upon addition 
of core RNAP, „„„ increased close to a value of 430 kDa, that 
which would be expected for a 1:1 complex of o- and RNAP. A 
typical M* plot is shown in Fig. 2. 



Discussion 

In this paper we show that proteins which have 7AW 
incorporated in place of tryptophan can be used to study 
protein/protein interactions. There are several points 
about the use of these tryptophan analogue containing 
proteins that merit a mention. Firstly, the expression of 
the protein must be very tightly controlled so that it only 
occurs after the growth media has been exchanged for 
M9 media supplemented with 7 AW. Any “leakage” of 
the promoter will decrease the final level of incorpora- 
tion. Secondly, we have also found, as originally 
suggested by Ross et al. [1], that the level of incorpo- 
ration is increased by starving the cells after changing 
the media for 1 h (in the case of Ross et al.) or 30- 
45 min (in our case). This decreases the level of 
tryptophan in the cells, and therefore increases the final 
level of 7AW incorporation. 

Thirdly, the 7AW protein must be assayed in 
conjunction with the trytophan containing protein so 
as determine whether the labelling procedure has 
affected activity. Fourthly, it is important that the 
species that is labelled should be chosen so as to 
maximise the difference in observed molecular weight of 
the free and complexed forms. In the present case, this 
means that the smaller protein, cr^, should be labelled. 
This gives a better resolution to the data compared with 
the error associated with each data point owing to the 
extrapolation procedure in the MSTARA program. 
Fifthly, it is preferable that each titration should be 
done at a single rotor speed so as the only quantity that 
varies in the distribution is the concentration of the 
tryptophan containing protein (in this case RNAP). This 
will mean that any higher order complexes present will 
not sediment with increased rotor speed and therefore 



give an erroneous value ofM° ^^pp. Finally, although the 
absorption of the tryptophan containing protein is 
negligible at 315 nm, it will still contribute to the signal 
if it is present at high concentrations owing to Weiner 
skewing [16]. This phenomenon is due to the refractive 
index change that occurs at high protein concentrations. 
The importance of this phenomenon can be appraised, 
by scanning at 400 nm as well as at 280 and 315 nm 
(T. Laue, personal communication). As no absorbance 
from the proteins should occur at these wavelengths, any 
change in the apparent absorbance arises solely from 
skewing of the signal. In the present study it was found 
that skewing of the signal did not occur appreciably 
until the RNAP was in excess of 2.2 mg/ml. As the 
portion of the data that was affected corresponds to the 
bottom of the cell, this would account for the apparently 
lower value of M,® of the final row in Table 1 
(380 kDa vs. 430 kDa), where there are 1:1 stoic- 
hiometric amounts of both 7AWff^ and RNAP. 



Conclusion 

7-Azatryptophan can be incorporated biosynthetically 
to high levels into to generate a functionally normal 
analogue protein. The unique absorbance properties of 
7AW(j^ can be exploited effectively to study its interac- 
tion with core RNAP. The analytical ultracentrifuge, 
in combination with absorbance optics, has provided a 
method for studying this interaction by calculating the 
whole cell molecular weight average (M° ) at 3 1 5 nm. 

Provided the certain problems highlighted are avoided, 
this method provides an excellent way of studying 
heterogeneous protein/protein interactions in a rigorous 
manner. 
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Abstract The tryptophan mutant 
Y203W of the bacterial GroEL 
(cpn60) was studied with regard to 
its hydrodynamic integrity and its 
oligomeric state. Sedimentation 
equilibrium using MSTARI gave a 
weight-average molecular weight of 
(905,000 ± 33,000) Da. This is in 
excellent agreement with results 
from sedimentation velocity, which 
revealed three distinct species (19. 6S, 
26. 5S and 38S) in the same propor- 
tions by weight for six different 
loading concentrations, correspond- 
ing to 14- and 28-mer subunit com- 
positions with a smaller dissociation 
product. The relative amounts of 
each species present, (23.0 ± 0.8)%, 
(61.5 ± 2.9)% and (15.5 ± 3.0)%, 



yielded an estimated weight-average 
molecular weight of about 
870,000 Da. From this we conclude 
that the tryptophan mutation at the 
Y203 location causes significant ir- 
reversible self-association under the 
conditions used here, and appears to 
be yet another example of how 
sedimentation analysis can be used 
to probe the effects of a single amino 
acid substitution in a protein on the 
conformation and hence the 
oligomeric state of a protein assem- 
bly. 

Key words Bacterial GroEL 
(cpn60) • Hydrodynamic integrity • 
Sedimentation equilibrium • 
Sedimentation velocity • Mutation 



Introduction 

The bacterial chaperonin GroEL (cpn60) has been 
shown to facilitate the folding and assembly of many 
unfolded (nonnative) proteins [1-4] and is also known 
to be part of a class of cpn60s found in mitochondria, 
chloroplasts and prokaryotic cells [5]. 

Each GroEL molecule consists of 14 identical mono- 
mers of about 57-60 kDa each. These are arranged as 
two stacked heptameric rings with a sevenfold symmet- 
rical cylindrical complex consisting of apical, intermedi- 
ate and equatorial domains. Saibil [6] has defined a set of 
hydrophobic patches in the apical domain area lining the 
opening of the channel of the GroEL molecule as the 
binding surface for nonnative proteins. These regions 
are apparently close to the surface of the cylinder and 
are facing inwards, which is thought to prevent self- 



aggregation of the GroEL. Recent studies [7] have 
shown that replacement of the tyrosine residne (Y203) 
in the apical region with a nonhydrophobic glutamate 
(E203) causes a total loss of substrate protein binding 
to the GroEL molecule and disrupts the binding of 
the co-chaperonin GroES. This is probably due to a 
combination of a small conformational change in the 
GroEL binding regions and rednced hydrophobic inter- 
actions with substrate proteins. Similarly, fluorescence 
studies on a GroEL mutant containing a single tyrosine- 
to-tryptophan replacement (Y203W) have revealed some 
increased hydrophobic exposure in the apical domain 
region of the molecnle [3] suggesting that this point 
mutation causes a conformational change that leads to 
the increased exposure of the hydrophobic binding 
regions which are normally less exposed facing the 
inward binding cavity. 



217 



In this study we use sedimentation equilibrium and 
sedimentation velocity to determine the hydrodynamic 
stability and possible further self-association interac- 
tions of the tryptophan mutant GroEL Y203W of 
Escherichia coli due to possible increased hydrophobic 
exposure caused by the mutation. 



Materials and methods 

Preparation of the GroEL mutants was as described by Gibbons 
et al. [3] and the mutants were stored as precipitates in a 75% 
saturated ammonium sulphate buffer containing 50 mM tetra- 
ethylammonium sulphate (pH 7.5), 50 mM KCl and 20 mM 
MgCh. Prior to use the protein was resuspended in phosphate 
buffer of pH 7.0 and ionic strength 7=0.1 mol/1 [ 8 ] containing 
4.595 g/1 Na 2 HP 04 • I 2 H 2 O, 1.561 g/1 KH 2 PO 4 and 2.923 g/1 
NaCl (Fisher Scientific, Loughborough, UK), typically at 500 /il 
for every 1 ml of precipitate originally used, and was dialysed 
overnight at 4 °C against 1 1 of the same buffer. 



Sedimentation equilibrium analysis 

Sedimentation equilibrium was performed using both an Optima 
XL-I (Beckman Scientific Inc, Palo Alto, USA) analytical ultra- 
centrifuge, and for the lowest concentration a Beckman Model E 
analytical ultracentrifuge equipped with a laser light source and 
interference optics coupled in-house to a purpose-built diode array 
charge-coupled-device camera linked to a Macintosh computer for 
on-line analysis. 

The low- or intermediate-speed method [9] was used in the 
Optima XL-I. At this speed the concentration at the meniscus 
remains finite and can be found from mathematical manipulation 
(“intercept/slope” method) of the fringe data. Molecular weights 
[including distribution weight averages, M„^pp, and point 
averages, M„app(r)] were obtained using MSTARI [10]. Dou- 
ble-sector cells of 12 -mm optical path length were used with 
solution in one sector and buffer from the dialysis in the other. 
Sample loading concentrations of 0.5, 0.7, 1, 2, 2.35 and 4 g/1 
were used with a rotor speed of 6000 rpm and a temperature of 
10 °C. 

The Beckman Model E ultracentrifuge was employed taking 
advantage of the longer optical path length ultracentrifuge cells 
(30 mm) to run the 0.3 g/1 sample. The conditions and methods 
used for analysis with the Model E ultracentrifuge were as 
described for the XL-I ultracentrifuge. 



Results 

Sedimentation velocity analysis 

Sedimentation velocity data analysis, using DC/DT 
analysis software, shows the presence of three distinct 
sedimenting species present throughout all the captured 
data (Fig. 1) with values of (19.6 ± 0.4) S, 

(26.0 ± 0.9) S and (38.3 ± 1.9) S for the three g*(s) 
“peaks” (sedimentating boundaries), respectively. The 
total relative amount of each sedimenting species also 
remains essentially independent of cell loading concen- 
trations giving mean percentage values of (23.0 ± 0.8)% 
for the 19. 6S component, (61.5 ± 2.9)% for the 26. OS 
component and (15.5 ± 3.0)% for the 38. 3S compo- 
nent. The consistency shown throughout the concentra- 
tion ranges suggests that no concentration dependence 
of the ratio between the three components and hence no 
dynamic equilibrium is taking place at the concentration 
levels used in these experiments. 



Sedimentation equilibrium 

For sedimentation equilibrium analysis an extrapolated 
“ideal molecular weight”, (M^) = M„_app (c ^ 0), of 
(905,000 ± 33,000) Da was obtained from a plot of 
Tfw.app versus initial loading concentration (Fig. 2). 
Figure 3 shows a comparison of the point-average 
molecular weight distribution M^ .^pp(r) versus local 
(fringe) concentration /(r) at six different loading 
concentrations. These point-average molecular weight 
plots appear to be consistent with the M^^app versus 
loading concentration plot (Fig. 2) in showing the same 
trend: an increase in M^^pp or M„_app(^) with initial 
increase in concentration (through the influence of 
solute heterogeneity) followed by a steady decrease due 
to nonideality effects. 



Discussion 



Sedimentation velocity 

All sedimentation velocity experiments were performed in the XL-I 
ultracentrifuge using interference optics. The run speed and 
temperature were set at 40,000 rpm and 20 °C, respectively, 
throughout with a scan interval of 4 min. All sedimentation 
coefficients were determined using the time derivative, g*(.s) 
analysis, software (DC/DT) provided by Stafford [11], and were 
corrected to standard conditions of 20 °C and water as the solvent 
(■S2o.w) using Eq. (1) [12]. 



‘^20,w 




f 1 - VPlO,^ 

\ 1 - VpT,b 



( 1 ) 



The sedimentation equilibrium results give an unequiv- 
ocal demonstration of heterogeneity; for a normal 14- 
mer of GroEF we would expect a molecular weight of 
800,000-840,000 Da. It is also clear that a significant 
proportion of the species of different molecular weight 
are not in thermodynamic equilibrium; this is because 
plots of point-average M^^.^pp{r) versus fringe displace- 
ment /(r) for different loading concentrations, c, do 
not overlap (Fig. 3): a purely reversibly associating 
system should give superposition [12]. This view 
appears to be strengthened by the results from 
sedimentation velocity (Fig. 1) where there is clear 
heterogeneity from the g*(^) versus 5 plots with three 
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Fig. la-f Apparent distribution of sedimentation coefficients g*(s) for 
GroEL Y203W (in phosphate buffer pH 7.0, 7=0.1) from sedimen- 
tation velocity showing three distinct sedimenting species throughout 
the entire range of concentrations loaded into the ultracentrifuge cell. 
The routine DC/DT was used, a 0.3 g/1, b 0.5 g/1, c 0.7 g/1, d 0.8 g/1, 
e 1 g/1, f 1.1 g/1 

discrete sedimenting species present, (19. 6S, 26. OS and 
38. 3S), the proportions of which do not change with a 



lb 




Id 




If 




change in loading concentration (the proportion of the 
more slowly moving species should increase with a 
decrease in c). 

Molecular weights can also be estimated from the 
sedimentation coefficients, assuming the particles of each 
species are approximately spherical and employing the 
Mark-Houwink-Kuhn-Sakurada (MHKS) relation; 
(5 ^ M*) with the MHKS coefficient of 0.667 for spheres 
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Fig. 2 Plot of weight-average 
molecular weight M„ ^pp, versus 
loading concentration, c, for 
GroEL Y203W (in phosphate 
buffer pH 7.0, /=0.1). This 
gives an extrapolated 
(c^O), of (905,000 ± 33,000) 
Da. The routine MSTARI was 
used for the analysis 




Fig. 3 Point weight-average 
molecular weights, M„,app(>')) 
versus fringe displacement, J{r), 
plots for different loading con- 
centrations, c, of GroEL 
Y203W: 4 g/1 (□), 2 g/1 (V), 

1 g/l(*),0.7g/l(0),0.5 g/l(x), 
0.3 g/1 (A) 




[14]. If we consider the main 26. OS (approximately 62% 
by weight) component as the 14-mer then the 38. 3S 
species would correspond to a 28-mer (i.e. a dimer of 14- 
mers) as an aggregation product. However, the mutation 
appears to have caused some disruption of the GroEL 
14-mer, with about 23% by weight of a 19. 6S compo- 
nent, which from the MHKS relation would have a 
molecular weight of about (520,000-550,000) Da. From 
the relative concentrations of the three species, an 
estimated weight-average molecular weight of about 



875,000 Da is obtained; this is well within the experi- 
mental error of the of (905,000 ± 33,000) Da 

determined directly by sedimentation equilibrium. 

These observations may be compared with those of 
Gibbons et al. [3], who showed that the tryptophan 
mutation Y203W causes conformational change and an 
increased hydrophobic patch exposure in the GroEL 
molecule. These workers also observed that the tryp- 
tophan mutant Y203W still retained its ability to fold 
rhodanese but the folding yield obtained was of only 
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30% efficiency compared to 41% for wild-type GroEL, conformation had taken place. The present study 
indicating a nonfatal change (insofar as functionality) in appears to confirm that view. 
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